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ABSTRACT

This report summarizes the results obtained on Grant F-49620-83-K-0029.
The overall objective of this research program was to quantitatively investigate
the fundamental phenomena relevant to aero-thermodynamic distortion induced
structural dynamic blade responses in multi-stage gas turbine engine
components. The technical approach involved both experiment and analysis.
(1) The flow physics of multistage blade row interactions have been
experimentally investigated, with unique unsteady aerodynamic data obtained to
understand, quantify, and discriminate the fundamental low phenomena as well
as to direct the modeling of advanced analyses. In particular, data have been
obtained to define the potential and viscous flow interactions and their effect on
both the aerodynamic forcing function and the resulting unsteady aerodynamics
of turbomachine rotor blades and stator vanes in a multistage environment at
realistic high reduced frequency values for the first time. (2) Analytically, the
development of an unsteady viscous flow analysis appropriate for aerodynamic
forced response predictions was initiated. (3) A structural dynamics model
based on an energy balance technique was developed and utilized to investigate
aerodynamically forced response of turbomachine blade rows, accomplished by

coupling this model with the unsteady aerodynamic analyses under development.
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I. INTRODUCTION

The structural dynamic response of fan, compressor, and turbine blading to {
aero-thermodynamic distortion induced excitations is an item of rapidly increasing
concern to designers and manufacturers of gas turbine engines for advanced
technology applications. Destructive aerodynamically forced responses of
turboni‘achinery blading have been generated by a wide variety of aero-
thermodynamic distortion sources including: blade wakes; multistage interactions;
large angle of attack or yaw; engine exhaust recirculation; cross-flow at the inlet;
pressure variations on the engine due to external aerodynamics; and armament

ﬁring. g

The primary mechanism of blade failure is fatigue caused by vibration at levels

exceeding the material endurance limits. These vibrations occur when a periodic

O forcing function, with frequency equal to a natural blade resonant frequency, acts j
upon a blade row. Because a blade may have as many critical points of high stress
as it has natural modes, the designer must determine which particular modes have

the greatest potential for aerodynamic excitation. With the resonant airfoil

frequencies able to be accurately predicted with finite element structural models,
Campbell diagrams are the key design tool. These display the natural frequency of

each blade mode versus rotor speed and, on the same figure, the aerodynamic

forcing function frequency versus rotor speed. At each intersection point, an

g
?

aerodynamically induced vibration problem is possible. Thus these intersection

L b

points, termed resonant speeds, define the operating conditions for potentially
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significant increases in vibratory blade response. However, Campbell diagrams

provide no measure of the amplitude of the resulting stress at a resonant speed.

The accurate first principles prediction of the aerodynamically forced response
vibratory behavior of a rotating or stationary airfoil row requires a definition of the
unsteady aerodynamic forcing function in terms of its harmonics. The time-variant
aerodynamic response of the airfoil to each harmonic of this forcing function is then
a§sumed to be comprised of two parts: the disturbance being swept past the
nonresponding airfoils and the airfoil vibratory response to this disturbance. The
blade row response is then predicted with an aeroelastic model which is typically
based on a classical Newton's second law approach, with the unsteady
aerodynamics combined with a lumped parameter airfoil model and an iterative

soluﬁon procedure utilized.

The unsteady aerodynamic generally are modeled by two distinct analyses. A
gust analysis is used to predict the time-variant aerodynamics of the nonresponding
airfoils to each harmonic of the disturbance. A motion-induced unsteady
aerodynamic analysis wherein the airfoils are assumed to be harmonically oscillating
is then used to determine the additional unsteady aerodynamic effects due to the
airfoil vibratory response. Typically, the superposition of these two effects can only
be performed with knowledge of the modal pattern and amplitude of response of the

airfoils.

Unsteady aerodynamic models are generally based on potential flow theory, with
the unsteady flow generated by periodic gusts or oscillating airfoils considered to be

a small perturbation to a uniform mean flow. In this linear approximation, the
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steady and unsteady flow fields are uncoupled. However, these unsteady linear
theories are not valid for flows about lifting airfoils or loaded airfoils where the
thickness, camber, and incidence angle are not too small. For these situations,
nonuniform mean flows must be considered, resulting in a coupling between the

unsteady and steady flow fields.

There are many analytical and physical assumptions inherent in the various
mathematical models. However, minimal attention has been given to either the
aerodynamic forcing function or to the blade row interactions, i.e., only isolated !
airfoil rows are considered. Also, there is a fundamental question concerning the
applicability of the Kutta condition for unsteady flows, particularly at the high
reduced frequency values inherent in turbomachines, with viscous effects only

beginning to be considered. .

R Experimentally, very limited appropriate fundamental unsteady aerodynamic

'., data exist to verify existing models, with these data generally not suitable to

discriminate and quantify the fundamental flow phenomena and direct the

>

& development of advanced mathematical models. Also, all of the existing data have
been obtained in isolated blade rows or in single stages. Thus, the important effects
associated with multistaging, including the blade row potential and viscous flow

interactions, have not been investigated.
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II. PROGRAM OBJECTIVES & TECHNICAL APPROACH

The overall objective of this research program was to quantitatively investigate
the fundamental phenomena relevant to aero-thermodynamic distortion induced

structural dynamic blade responses in multistage gas turbine engine components.

The technical approach required both experiment and analysis, with the

program objectives achieved as follows.

* The flow physics of multistage blade row interactions were experimentally
investigated, with unique wunsteady aerodynamic data obtained to
understand, quantify, and discriminate the fundamental flow phenomena as
well as to direct the modeling in advanced analyses. These data defined the
potential and viscous flow interactions ana their effect on both the
aerodynamic forcing function and the resulting unsteady aerodynamics of
compressor airfoils in a multistage environment at realistic high reduced

frequency values for the first time.

* The development of an unsteady aerodynamic model which considers

viscous effects was initiated.

* A structural dynamics model based on an energy balance technique was
developed and utilized to investigate aerodynamically forced response of

turbomachine blade rows.

This research program was thus directed at providing fundamental time-variant
aerodynamic data which not only address the validity of the most basic

assumptions inherent in unsteady aerodynarics analyses and in the structure of
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forced response design systems, but also are appropriate to direct the development
of advanced models as well as to validate and indicate refinements to the current
state-of-the-art unsteady aerodynamic gust analyses. Also, first principles
predictive aerodynamically forced response models, including viscous effects, are

being developed.
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III. RESULTS

An overview of the accomplishments of this research program is presented in the
following. The detailed results are contained in both the publications and the
graduate student theses. These research results are categorized as: (1) Unsteady
Aerodynamic Experiments; (2) Unsteady Aerodynamic Modeling; and (3)

Aeroelasticity.

A. UNSTEADY AERODYNAMIC EXPERIMENTS

STATIONARY VANE ROWS

* Unsteady data analysis techniques were developed and applied to

stationary vane rows. !

* The variations in the instantaneous rotor wake data, the aerodynamic
forcing function to the downstream stator vanes, were shown to be due to the

vortex street structure contained in the wakes.

The unsteady (and steady) aerodynamics on each vane row of a multistage

=4
-

' 3 compressor were investigated, including the effects of both the transverse, v, and y
A!'
- the chordwise, u+, first harmonic gust components on the resulting vane row
»" o
'\.| 'J.)
0 o unsteady pressure differences for the first time. Analysis of these unique data
¥
b
:: :J'i determined the following.
;;: g * There is a strong coupling between the gust generated vane surface :
;a, :
Y A y
\!' unsteady aerodynamic magnitude and phase data and the detailed steady b
'\ (L] .
¥
i o loading distribution, not the incidence angle, on the individual stator vane
" )
K g surfaces.
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* The relative magnitude of the transverse and chordwise gust components
has a significant effect on the vane surface unsteady aerodynamics. In
particular, the transverse gust component, v*, influences both the magnitude
and phase of the vane surface unsteady pressure distributions. The
chordwise gust component, u+, also affects both the surface unsteady
pressure magnitude and phase data, but with a larger effect on the phase

than either the steady loading or the transverse component of the gust.

* The solidity of the vane row primarily affects the phase of the unsteady

pressure generated by the gust.

* Multistage potential interactions have no effect on the steady

aerodynamics. However, these interactions have a significant affect on the

unsteady aerodynamics of the individual vane surfaces.

* For a very low solidity vane row, i.e., an isolated airfoil, steady flow
separation influences both the surface unsteady pressure magnitude and

phase data, with the primary effect being on the phase.

* For the very low solidity vane row, steady flow separation affects both the
harmonic content and the waveform of the unsteady pressure on the suction

surface upstream of the chordwise position of the flow separation.
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ROTATING BLADE ROWS

* Rotating blade row unsteady data acquisition and analysis techniques were
developed. These are being utilized to obtain gust generated unsteady aerodynamic
data on the rotor blade row of an extensively instrumented multistage axial flow

research compressor. In particular, a series of experiments have been initiated to

28 O B &=

investigate the effects of steady aerodynamic loading on the unsteady gust

==

aerodynamics of a first stage rotor blade, with the high reduced frequency gust
generated by the wakes from the inlet guide vanes. The multistage effects

associated with compressor rotor-stator blade row operation in the superresonant

BN B

flow regime wherein acoustic waves propagate are also being considered. These

initial first stage rotor blade row experiments have demonstrated the following.
* Steady loading affects the static pressure distribution on the front portion

of the rotor blade pressure surface and over the entire suction surface.

* Loading has only a small effect on the unsteady pressure surface phase
data, but a large effect on the magnitude data over the front half of the

surface, corresponding to the steady data.

oFF M

* The unsteady pressure magnitude and phase data on the entire suction
surface are influenced by the level of steady aerodynamic loading,

corresponding to the steady surface data.

* As the steady loading is increased, the decreased magnitude region near

the front of the suction surface moves forward, with the minimum

(X B B =

corresponding to the location where the steady flow acceleration changes to a

§
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deceleration.

* Loading primarily affects the unsteady phase data on the aft half of the

blade suction sﬁrface.

* As the incidence angle is increased, the linear chordwise distribution of the
phase data show a wave phenomenon on the suction surface convected at the

mean axial velocity of the flow through the rotor blade row.

* The effects of loading on the pressure and suction surface unsteady data

are reflected in the dynamic pressure difference data. )

A superresonant condition was also established in the compressor, accomplished
by altering the number of vanes in each downstream stator row. This resulted in
the generation of a relatively large amplitude upstream propagating acoustic wave

generated by the interactions between the downstream rotor and stator rows.

* Upstream, at the entrance to the first stage rotor blade row, the acoustic
wave has a larger amplitude than that generated by the first harmonic of the

inlet guide vane wakes.

* Loading has minimal effect on the resulting rotor blade surface acoustic

wave generated unsteady pressure magnitude data, with increased loading

increasing the level but not the chordwise distribution of the phase data. d

* The linear, constant slope, chordwise distributions of the rotor blade

- surface phase data corresponds to a wave speed equal to the speed of

T e e

propagation of an upstreain traveling acoustic wave.
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EXPERIMENT IMPLICATIONS

* Unsteady aerodynamic data acquisition and analysis techniques need in-

depth consideration in order to obtain valid data.

* The detailed steady loading, not the incidence angle, is the key parameter

with regard to unsteady aerodynamics. Thus, valid unsteady aerodynamic

models and experiments require an accurate description of the steady

aerodynamics.

* Subtle steady aerodynamic experimental changes can result in large effects
on the blade row interactions and the aerodynamic forcing function as well

as the resulting blade and vane row unsteady aerodynamics.

* The interactions of both upstream and downstream airfoil rows have a

signiﬁc‘a.nt effect on the gust generated unsteady aerodynamics.
* Potential interactions as well as viscous interactions are important.

* The variation of the waveform of the unsteady data cannot be predicted

with harmonic unsteady aerodynamic models.

* Small perturbation models may not be appropriate for unsteady separated

flows.

4
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* The ability demonstrated in these experiments to experimentally control
the two-dimensional gust transverse and chordwise components indicates the
feasibility of aeroelastic tailoring for potentially large steady performance
gains by control of unsteady aerodynamics and the various airfoil row

interactions.
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B. UNSTEADY AERODYNAMIC MODELING

An analysis has been developed which models the unsteady aerodynamics of an
harmonically oscillating flat plate airfoil, including the effects of mean flow
incidence angle, in an incompressible laminar flow at moderate values of the
Reynolds number. The unsteady viscous flow is assumed to be a small perturbation
to the steady viscous flow field. Hence, the Kutta condition is not appropriate for
either the steady or the unsteady flow fields. The steady flow field is described by
the Navier-Stokes equations. It is thus nonlinear and nonuniform. Also, the steady
flow field is independent of the unsteady flow field. The small perturbation
unsteady viscous flow is described by a system of linear partial differential equations
that are coupled to the steady flow field, thereby modeling the strong dependence of

the unsteady aerodynamics on the steady flow.

Solutions for both the steady and the unsteady viscous flow fields are obtained
by developing a locally analytical method in which the discrete algebraic equations
which represent the flow field equations are obtained from analytical solutions in
individual grid elements. For the steady viscous flow, this is accomplished by first
locally linearizing the nonlinear convective terms in the Navier-Stokes equations.
General analytical solutions to the flow field equations are then determined.
Locally analytical solutions are developed by applying these solutions to individual
grid elements, with the integration and separation constants determined from the
boundary conditions on each grid element. The complete flow field solutions are
then obtained through the application of the global boundary conditions. It should

be noted that the nonlinear character of the complete steady flow field is preserved
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as the flow is only locally linearized, i.e., independently linearized solutions are

obtained in individual grid elements.

C. AEROELASTICITY

Arbitrary profile isolated airfoil gust and motion induced models have been
combined with an energy balance technique for the prediction of aerodynamically
forced response. In particular, an energy balance was performed between the
unsteady aerodynamic work and the energy dissipated through the airfoil structural
and aerodynamic damping. Also, a model has been implemented to predict the

random, torsion mode vibrations of a blade row generated by turbulence.
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APPENDIX I

TIME-VARIANT DATA ACQUISITION AND ANALYSIS FOR

GAS TURBINE AIRFOIL ROWS

INSTITUTION OF MECHANICAL ENGINEERS
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Time-variant data acquisition and analysis for

gas turbine aerofoil rows

V R CAPECE and S FLEETER, PhD

Thermal Sciences and Propulsion Centre, School of Mechanical Engineering, Purdue University, Indiana, USA

SYNOPSIS Computer based tiine-variant digital data acquisition and analysis techniques are
developed and utilized to investigate the unsteady acrodynamics of airfoil rows, accomplished
with 2 dynamically instrumented first stage vane row of a research compressor. Ensemblc
wveraging is demonstrated, with the removal of higher harmonics by ensemble averaging
considered. The fluctuating aerodynamic forcing function to the first stage vane row and the
~Meet. of steady aerodynamic loading on the resulting vane surface harmonic pressure
Jistributions are then quantified. Also, the level of steady aerodynamic loading, not the
wncidence angle, is shown to be the key parameter to obtain good correlation with flat plate

~irfoil eascade models.

NOMENXCLATURE,

C airfoil chord
“, <teady Bt cocflicient,
1 )
/ 1
S=p ot
| /_,I '
(. dy e pressure difference
.. - ¥
cocfllicient, '_\lv/['\ NS
CL vane surlfaee <tatic pressure
o . - ind l . ¥
cocilicient, (p — |t‘\,")/7/)| :
) Piime-sarinnt <tenal
1) periodie siqnnl
1"+ randonn Tnetuating <ignal
{ ~tr '|»|) ~date '~'|'_"||;||
. . e Ayl
k reddeed frequenes . . C 2V
i incidenece nnele
1! ~teady T per unit span,
f (Fi' — F_il'\
AN mmber of rotor revoliions
" vane surfaee <tatie pressare
ro vane row exit static pressope
Ap dymamie prescare dillerence

across Lne ehordline

) time-vrcinnt <tenal compeosed
of periodie and Taetnating
compono s

<> ep~emble nverneod Slepal

{ time

ut inlet veloeiry parallel to vane
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v inlet veloeity normal to vane
\ abeolute veloeity

A . aheoligte axial veloeity

Iz “tatopr vane row infet

Air densin
blacde prvssing frequeny
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INTRODUCTION

A present, the nnsteady flon inherent in gas turline
eneines is generally detrimental to both aecrodviaice
tHicieney and  duarability, references 1 throngh .
Thi- i< due 1o the lack of basie kowledse and
mederstandive of the fundamental nosteady Now
phevomensy,

To  clininate  these  detrimental  eflects in
advaneed  high  performance components, i s
neeessary Lo provide the designer with experimentally
cestPedunstendy  aerodvinamic  models  of  the
finddanentad time-variant Now phenomena,
flowever, thepe is a dearth of approprinte data, with
anlyv baste single hlade row math models havig beey
devddoped. Thuse fundamental unsteady data aee
required Lo prodide a quantitative understanding of
e hosie unsteady flow plhienomena and to validave
el direet the development of advanced mordels,

The most ecommon unsteady aerody namic RN
are the wakes <hed by upstream blade or vare rows,
Var example. in the single comypressor stage depioted
<chematieatly in Fiaure 1. the wakes from the
npstream  rotor are  the primary <ouree of the
unsteady aeradviamics on the downstream stator
vanes, el the exit flow field feam the upstream rotor
detines the npsteadys acrodynamie forcing funection to
the downstremm stator vanes.  This acrodvnamic
foreing function s defined by the  veloeity
components parallel and noemal to the vane chord,
' oand vt

The = ndamemtal time-variant data of primarey
interest define the neradyvinamie forcing funetion and
the resalting abrfoil <urlace presenre distributions,
The aequisition and analysis of <uch data has only
recenthy beeame possible with the development and
availability of miniature high-response transducers,
digital instromentation, and  computers for hoth
control of instrumentation and digital data nnnlvsis,

K s o Y R S A S o ot
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In this paper, computer based time-variant digital
data acquisition and analysis technigues, including
cnsemble averaging and Fust FPowrier Transfornns
(FFT). are developed  for periodic data. The
fundamental  haurmonic  airfuil  row  nusteady
aerodvnamics are then investigated by applying ther
technigues to the time-variant signals from high
response instrumentation in fhe first stage vaue row
of a rescurch compressor.  irst the digital dava
acquisition and analysis techniques e
demonsteated.  Then the lluctuating aerodyicnie
forcing function to the lisst stage vine vow and the
elfcct of steady acrody namic loading ou the resalting
vane surfuce harmonic  pressure distributions  ar
quantilied.  These vane surface  dava are alw
corrclated with predictions obtained from a swall
perturbation flat plate airfoil cascade wealel.

RESEARCH COMPRIESSOR

The Purdue  University  axial  tlow  rescarch
compressor simnlates the Tundamental time-varion
acrodyuamic phenomena  inherent in gas turehine
nosteady blade row interactions. These  include the
incidence angle, the velocity and pressure variations,
the aerodynamic forcing function wavelorms, th
reduced frequency, amd the blade row interactions.
This compressor is driven by a 15 HI® DC clectyic
motor over a speed range of 300 to 3,000 RI°PNL The
43 rotor blades and #) stator vanes of the three
identical compressor stages have frec vortex design
airfoils with a British C1 section profile.

INSTRUNENTATION

Bothi  steady-state  and  lime-variant  data are
requered.  The steady-state data deline the overall
compressor operating point and the detailed vane
surface aerodyvnamic loading. The unsteady data
quantify the Anctuating aerodynamic foreing function
to the first stage vane row, i.e., the vane row
unsteady inlet flow field, aud the resalting chordwise
distribution of the time-variant pressure on the
surfaces of a single vine in the row.

Counventional steady-state instrumentation s usel
to determine the flow properties throughout the
compressor. The steady aerodynumic loading on the
vane surfaces is determined by justrumenting a puir
of stator vanes with chordwise distributions of mid-
span surfuce static pressure taps. These vanes are
positioned in the vane row such that one complete
flow passage is instrumented, depicted schematically
in Figure 1.

The unsteady acrodynamic forcing function to the
valie row, thie time-variant vane row inlet flow field,
is measurcd with a cross hot-wire probe positioned
axially midway between the rotor and stator rows
mid-stator circumferential spacing, Figure 1. The
vane row mean  absolute inlet  How angle s
determined Ly rolating the cross-wire probe until a
zero voltage dillcrence is obtained between the two
hot-wire signals. This mean angle is subsequently
used as a reference to calculate the vane incidence

da* 1 e’ 2 G2t Bu® [T 1 gt 0

angle and the tustantuncons absolite wod relative
How suoglos.

The  vane sarface  Limc-variat pre=sure
mcasurcments are aecotplished with ultceminiatur
bigh vesponse transducers, To mitimic potontind
How disturbanees due to the tran alucer ot o
the inability of the transducer diaphrasn oot
waintain the surtace carvature of the Gane, oo e
mounting techuigue is atilized, The pressure surtac
o one vane aned the sneGon surface of o seennd e
tastimented, with the transducers cnbedded e the
non-measurcient sarface and conneeted e e
measurcient surfnee by o statie Lape \s i
variant daca on oo single vane aee of primary interesn,
Lhis somewhat complicates the data anndysisg s vl
Le discused, Those two inetrmnented aiclofs o
positioned i the comprossor vane row sacle thae o
How pussage i~ instrmucnted,

DIGITAL DAT Y ACQUISITION

The digital data aequisition sad snavsis oo
~ehematically dopicted e Vigaee 200s contered
Hewlett-Packard 1000 computers e i a ol
acquire amd analyze oncline bl steady o i

variant  data. The steads Wt quannl. e
compressor  peclurmanee and b av eyt
loading  distribistions on the vane suelaees. T

Viime-variant Jdata deline the Quctuating aercdyv oo
forcing Tanction to the vane roas aed the resaliia.
vane suefiee unstendy prescare disteibations,

The stesdy-~tate pressure o are aogniredd v
a1y clannel Seanivalve systeme Uader covngpae
comtrol, the seamivalve i~ calibeatad cace tiwe 1oy
i~ aequired, with compens ation anlomaticalls ook
fer varintions b Che zero and span outpat. N o
of the hll‘;llh"llll" data :Il'l‘ll.l\'l|.|\'|l e oy -is
process, a0 rool-meanesquare cveor analosis i
performed, Phe steady data arve defined s the e
F 30 siompless winh the 9500 conlidones el
Jeternined.

The thace-variant data frome the hot-wire e e
sl the dyicimie pressaee teansduaeers are chaained
under compiter control by st conditioning tlei
Prnads and then digitizing Chewe with o bzl el
A-Devsten This cighie channel VD osystonn is ol
to digitize signals simndtaneously ot rates to 5 AL
pee climels Sstoriue 20085 poims per el |
Becanse of the relativels lavge nmber of dy i
pressure trausdueers, groups of six pressire signals a1
a time are switehed o the signal conditioning wl
Che A-D system by signad madtipdeser. o addition,
alter conditioning, the tGne-variant hot-wire prode
atcl pressuve transducer signals are monitorsd by o
l|)‘l|;||llix‘ 3i5n:1| frinvessar which can -“;;ilitv. avoeriade,
and FPourier decompone nnsteady anadog signals.

The time-variant Jdata o interest are periodie,
being generated at rotor Llde passing fregueney.
with a digital cnscmble averaging technigue used for
data analysis. Ay will be diseussed, the hey to this
techuigue is the ability to sample data at 2 pre-set
time. This s accomplished by means of an optical

© IMechE 1987 C30/87
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encoder mounted on  the rotor shaft.  The
microsecond range square wave vollage signal from
the encoder is the time or data initiation reference,
and triggers the high speed A-D multiplexer system.

PERIODIC DATA ANALYSIS

In general, the time-variaut signals from the hot-
wire probe and the dynumic pressure transducers are
composed of three components: (1) a steady-state
component; (2) the periodic component of interest:
and (3) a randuin tluctuating component.

f(t) = £+ (1) + (1) (m

where P, % and {7 . denote the steady-state,
harmonie, amd randomly Hluctuating  componcents,
respectively.,

The steady-state signal component is typically
measured independently. Thas 7 i assuued 1o be
known, and the time-variant trausducer signal, s(t).
may be considered to be composed of the sum of the
periodic and random components.

s =1¥1) + ') (2)

The periodic signal compounent is determined by a
digital cnsemble averaging technigue based on the
signal euhancement concept initially considercd by
Gostelow, reference 5. The time-variaut signal is
sampled and digitized over a time frame thatl is
greater  than the periodic  signal  component
characteristic time. With the same data initiation
reference, i.e., the signal from the rotor shaft
mouuted optical encoder, a series of corresponding
digitized signals is generrted by repeating this signa)
sampling and digitization process. The time-variaut
signal cnsemble average is then determined by
averaging this series of digital data  samples,
Ilquation 3.

1 X -
<5 > = N Sisp i=124,...m (3}
n=}

=L sl s
n n
N =) N n=l
For a sufficiently large number of digital signals
in the series, N >> 1, the ensemble average of the
random signal componeut will be zero.
LN r
n :
N |
Thus, the periodic component of the thme-varinnt
signal, relative to the data initiation reference, is
determined by this ensemble averaging techuique.

N
<> = N MR N> j =123 (5)
nel

The periodic components of the vance row inlet
flow field and the resulting uusteady vance surface
pressures are determined by applying this digital
ensemble averaging technique to the Lime-variant
signals from the cross bot-wire probe and the vane
surface dynamic pressarc transducers. Digital Fist
Fourier Transform techniques are then applied to
determine the first harmonic magnitude and phase of

C30/87 © IMechE 1987
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cach of these periodic signal components.

These  Lhot-wire  probe  and  dyismic  pressare
teansdacer duta are cach referonecd to the aptieal
cocoder  signal which nitintes  the  digital data
aciuisition. However,  the hot-wire probe s
positioned apstream ol the Jeading edge plune of vhe
vane row, Figure 1o Tlias, 10 0y necessary Lo Ui -
relate these data to one another, e thne-relate the
hvrmonic vane row dulet flow ficld 1o the rosalting

mnsteady vane surface pressures.,

As depicted in Figure 1, the rotor blade wake
volocity delicit ereates a Huetuating velocity vector in
the absolute Trame of relerence of the vane row
which s measared with the crossed hot-wive probe.
These hot-wire data are anaby zod 1o determine the
hormonic llictaating inlet low angle aud velociny 1o
the vane row and, in particolar, the fhactuating
velocity components paradlel wnd normal to the Vi,
u‘ aned \Q, which are the ;|\~|'\)ll)tl:\|ll.ll‘ rul‘t"]ll',:
funetions to the vane row.

The larmonic vane row nlet flow ficld is then
time-related to the resulting wosteady vane surface
pressurcs with the following  wssumptions: (1) the
wirkes are identical at the hot-wire and the vane
leading edge planes; awd (2) the wakes arve lixed in
the rotor relative reference fricme. The
circumferential rotor blade and stator vine spacing,
as well as the axial spacing Lhetween the vane ol
hot-wire probe leading cdge planes are huown, Using
the above two assumptions, the wake is located
relutive to the bot-wive and vane row leading cdge
planes, and the e for the wake to travel Letweon
these twa planes detevmined, This time i dhen
transposed to a phase aagle ddilberonee between the
Lharmonie  thactoaling velocity  components poralled
and normal o the vane aud the vane deding edee
plane.

To determine the lacmenic pressure itk renee
aeross the chordline of w0 vepresentative vane. el
thins the unstewdy T o woanent acving on o o,
WS necessary to Bime-redate the preos<are aand suovion
sutlacess Thisis o eesalt of hovie bn-trome nted vhe
peessure surfiee o oe vane aond the suction sl oe
ol anothers The first leomonie data o cache viane
sovloee e Tondividisdy aadiaseed i phaee soels chon
the dnetuating vodocity component normud to the
vane is at zero degrees at the Loadine odae o cacly
~urliees From the geometess the thme ot which this
would occur is cudendated transposcod Tato a0 plias
ditlerence, and then nsed to adjust the prossure data
o each swefaecs The pressure differenee aeross the
chordline ol an cquivadent sinele vane s then
deteemined by the subtyaction ol these compley

Vime-rebited vane pressure ek suetion sufaee

The dinal Formn of the ansteady pressure ot
detines the chordwise variation of the fiest haormonice
prressure differcinee aeross the chordline of a stator
vane, and s opresented  as o a camplen duninie
cocllicient, (O in the Tormar o the
wagnitnde  and  the pliase Tag referenced to o a

priessn

transverse gust at the aetotd leading edge.
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RESULTS

At cach steady-state operating point, an enscinble
averaged time-variant data set consisting of the cross
hot-wire probe and the dynamic pressure transducer
signals digitized at a rute of 200 kllz is obtain .
This sample rate results in approximately 91 poiuts
defining the periodie vane inlet flow ficld, i.c., the
time-variant flow field between adjucent rotor blides,
at the design speed of the compressor.

Ensemble Averaging

The effect of ensemble averaging the time-varinnt
signals is demonstrated in Figure 3, which prescuts o
typical digitized pressure transducer signud for |
rotor revolution and averaged over 25, 50, 75, 100
and 200 rotor revolutions. The ensemble averaging
significantly reduces the random Huetuations which
are superimposed on the periodic signal, with the
time-variant  signals  essentially unchanged  when
averaged over 75 or more rotor revolutions. For the
data to be presented, 200 averages are obtained for
both the hot-wire probe and the vane
transducer signals.

pressure

Signal Harmonee Content

Figure 4 shows the FI'T  decomposition of o
typical  ensemble averaged timce-variant  pressioe
vransducer signal. There is a dominant fundamental
frequency at rotor blade passing, with wuach simaller
higher harmonics and minimal nou-harmonic content.
Also shown is the digitized signal wogether with the
first three harmonics and their sum. This sunnnation
i~ seen to vield a good approximation to the original
digitized signal, further demonstrating that the
time-variant signal is primarily composed of the tirst
three harmonics of rotor blade passing frequency.,

FFT & Ensemble Averaging

There are two data analysis approaches whicl
could be applied to the time-variant digital datu. [n
one, the data are Fourier decomposed and then
ensemble  averaged. The  sceond  approuch
significantly reduces the data storage requircmicnts,
with the digital data first ensemble averaged und
then Fourier decomposed. Also, the previously
presented results showing that the ensemble
averaged time-variant data are composed primarily
of only the lower harmonices raises the question of
which approach is appropriate.  Namely, does
ensemble  averaging remmove the  higher  order
harnmionics which would be retained by averaging the
Fourier decomposed data.  This is addressed by
considering  the differences between (a) enscmble
averaging and then VFourier decomposing the time-
variant data and (b) Fourier decomposing and then
averaging the time-variant data.

Figure 5 presents the results of these two time-
variant data analysis approaches {or a representative
vane surface dynamic pressure trausducer signal.
There is no difference between averaging the sigual
200 times before the Fourier analysis and Fourier
decomposing the signal before taking the 200
averages. Ensemble averaging the signals and then

Fourier decomposition is used in the following first
stage vane row unsteady aerodymmic experiments
the signilicautly  reduced

bevanse of data storage

requirements.
Vane Row Unsteady Aerodynamics

The forcing
function to the first stage vaue row, i peotienlar the

detailed time-variant  aerody nawic
paraflel and normal tolet velocity components, wndd
the effeet of

resulting

steady acrodynamic doading on the
suiface

o

vine liavmonic

pressire
distributions are investigated wnd prandilicd,

This is uccomplished by apphving Chese digital di

acquisition  and  analysis techniques to the te-
variant sigals I'roin the iigh PSPl
Histrnnentation in the st stage vane row of 1l
rescarch compressor. Two steady-state operating

conditions on the 60, speed e whiel bave diflerent

levels of vane acrady uamie londing are considerad.

Fhe chiordwise distribntions of the static pressure
on the pressure and suetion sarfaces of the vane Tor
these  two  compressor

presented in Figare 6.

operating  conditions  are
The level ol aerodynomie
loading las o strong ellect on these distributions.
with the -6.5" incidence angle data corresponding to
a low level of acrodynamic loading, and the -0t
incidence angle cose to a moderate Toading level,

For these two compressor operating conditions.
the acrodynamic forcing function to the stutor row,
the parallel aud novnal inlet velocity components.,
are presented in Figure 7.
chordwise  and
different.
these  two

The amplivndes of the
transverse  gust  componenls  are
However, in terms of the first harinonies,

forcing  [unctions are  cquivalent.  fu
particular, the ratios of the magnitudes of the tirst
harmonic of these gust components (vt /vY) wree 0.696
amd 0709 for
interesting Lo

these two vane loadings. [t is
that nlet vedoeits
componenuts are not smuall as compured o the free-
stream veloeity, having ratios on the order of 0.3
045 for  the  parallel  and  normal
respectively, at -0 of incidence.
implications
perturbation
models for unsteady acrodyiamies.,

The resulting fiest harmonie dy e
pressure chordwise distributions are shown iu Figure

note these

conponents,
This iy
validity o the

Valos

huve
regarding  the stnall

asstuplion in wathematicnl

l'nlnplc'x

8. As a reference, the corresponding prediction from
the periodic small perturbation wmodel of releronce 6
is also presented. This model considers the inviscid,
irrotational low of a perfect gas and anulyzes the
uniform  subsonic  compressible past
dimensional flat plate  aicfuil with
unsteady normal veloeity perturbations superimposed
and convected downstrean.

How a two-

('Zlb('ihl(', blllil”

There are  relatively  large  differences in the
complex dynamic pressure coeflicient data presented
in Figure 8. As it was previowly determined that
the lirst harmonic acrodynamic forcing functions for
these two  compressor operating  conditions  were
nearly identical, these dynamic pressure coctlicient
differences are attributed to the of steady
aerodynamic loading.  Also, although the level of

cffect
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loading affects both the phase and the magunitude of
these coefficient data, it has a larger cffect on the
coeflicient magnitude data.

The correlation of these dynamic  pressure
coefficient  data with the fat  plate  cascade
predictions are also of interest. ‘T'he phase of the
dynamic pressure difference cocllicient data show 4
somewhat different trend than the prediction. This
is atiributed to the vane camber and the detailed
steady chordwise loading distribution on the vane
~urfaces, However, very good correlation is obtained
for the -6.5° incidence angle magnitude data, witl
poor corrcelation for the corresponding -0.4" incidence
angle data. This is associated with the steadv vaue
aerodynamic loading level. Namely, the prediction is
for an unloaded flat plate airfoil cascade. Hence the
good correlation of the low steady aerodynauiic
loading -6.5” incidence angle data and the poor
correlation of the moderate loading -0.1" incidence
angle Jdata. In general, dilferent airfoil designs will
produce different steady  surface pressure
distributions and resulting steady lift for the same
incidlence  aongle.  Thus,  the level of  steady
acrodynamic loading, not the incidence angle, is the
kev parameter to obtain good corrclation with
plate airfoil cascade mathematical models.

SUNMMARY AND CONCLUSIONS

Computer based time-variant digital data acquisition
and  analysis  technigues,  including  enscmible
averaging  amd  Fast Fourier  Transforms,  were
developed for periodic data. These techniques were
then applied to the time-variant signals from high
response instrumentation in the first stuge vane row
of s research compressor.

Fnsemble averaging of time-variant signals was
demonstrated and shown to significantly reduce the
random  Huctuations superinposed on the periodic
signal. By considering two alternative data analysis
approaches, it was then <hown that cusemble
averaging does not  remove the higher order
Lharmonices which would be retained by averaging the
Fourier decomposed duta.

The detailed time-variant acrodynamic forcing
function to the lirst stage vane row, in particular the
parallel and normal inlet velocity componeuts, and
the effect of steady aerodynamic loading on the
resulting vane surface harmonic pressur
distributions were then investigated and gquantificd.

The strong eflect of the level of acrodynamic
loading on the chordwise distributions of the stulic
pressure on the pressure and suction surfaces of the
vane was shown, with the -6.57 incidence angle data
corresponding 1o a low level of acrodynamic loading,
and the -0.17 jncidence angle case to a moderate
loading.

For these two compressor operating conditions.
there were only small differences in the acrodynamic
forcing function to the stator row, the parallel and
normal inlet veloeity components, with the lirst
harmonics being nearly identical. Also, it was found
that these inlet velocity components were not small

C30/87 © IMechC 1987

a~ compared to the freesstream velocity,

The resulting vane surface harmonic pressnr
data exhibited lLarge diftercnces o botle the pliase
and waguitude of the complex dy namic pressire
coctlivient, with o larger clfect on the coctheient
maghitade  data, A\ the  aerodyviamic Torcing
functions  for these two comprossr operating
conditions  were nearly ddentieal. these dyvinaie
prrossure coclivient diflerences are attreibated to the
et ol steady aerads naomie Toadine,

The corrclation  of  these dynmimic pressue
cocllicient data with predictions obtained from o fat
plate cascade muthematical  model was  also
constdered, The \ll'il!l) Vithie sirlace jrres-~ure
distribintion wud TG for o given ineidese angle will
b a Tunetion of adeloll desigo, Thos, the evel ol
steady aerodyinmic lawding, vot the incidence gle,
was shown to be 1he Ll) parianeter o obtain geanld

5
corrclation witly sueb wodeds,
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Experiments in Fluids
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The unsteady aerodynamics of a first stage stator vane row

V.R. Capeee andd S. Fleeter

Thermat Sciences and Propulsion Center, School of Mechanicl Enpmcecring. Purduc Iniversity. West Lafavette, IN 47907, LISA

Ahstract. Fhe fundamental imnteady actodymimics ona vane ron
of anaxaal low aesemch compressor stage e cxperimentally
inmvestigated. demonstiating the cllects of aitfoil camber and
steady doading. In paticular, the 1otor wake penctated unsteads
stace pressie distiibations on the fitst stage vane row are
ywantiflicd over a tange of operating conditions. These cambered
aiforl wnsteady data are corrclited with predictions hiom a i
phate coscade inviscid flow model. At the design point. the an.
steady pressure difference coetficient data exhibit pood conceta-
tion with the nonseparated predictions. with the acrodynamic
phase lag data exhibiting lait trendwise conelation The quanti-
tative phase lag differences are associated with the camber of
the aitfoil. An aft suction surface Now separation region is in-
dicated by the steady stale suface static pressure data as the acro-
dumamic loading is incicased. This sepmation affects the increased
ncidence angle unsteady pressure dita,

Vist of ssxmbols

h vt logl semt-chendd
( At tonl chaoedd
«, dviaamic pressine cocthicient,
'
ol -
1
. . 1j
. chatic pressune eoclicient, 1730l
‘ incidence angle h -0t
A reduced fiequency. -
vt
N nunther of 1otor 1y olutions

1p dymamic pressime dilference

Ip <tstic pressuee diflerence. i I,
S stator vane citcumfcrential spacing
, 1otor hlade tip speed

" tongitudinal perturhation yelocin
I ahsolute scloginy

Foaa  absolute axial velocity

' trimea cese pettnbustion veloaity

Veep !uc:nmn of separation point
inlet angle

[’] imdet air density

" blade passing anpalar ficquency

| Introduction

Destructive actodynamic Torced responses of turboma-
chinery blading have been generated by a wide vaniety of

acrodynamic soutces including. for example. blade wakes,
multi-stage interactions, buge angle of attack or yaw, and
imlet flow distomtions. As a result, the structural dynamic
recponse of fan, compiessor, and turhine blading resulting
hom acrodynamic excitations is an item of rapidly in-
creasing concern to designers of gas turbine engines for
advanced technology applications.

Actodynanmically induced failure level vibratory re-
sponses, of blading occur when a periadic acrodynamic
forcing Tunction. with frequency equal 1o a natural blade
resomant frequency. acts upon an aitfoil row The operat-
g conditions at which these aerodyvnamically forced
blade responses may occur ate predicied with frequency-
speed resonance o Campbell diagrams (Oates 197R)
These display the natuial frequency of cach hlade mode
versus qotor speed. with the excitation source variation
with totor speed superimposed. as schematically depicted
i Lig | The intersection points define the rotor speeds at
which significant tesponses mayv be found

However. Camphell diagrams give no indication of the
amphitunde of the response. The response amplitude can
only be determined by first relating the perioadic excita-
tron somce 1o the resulting unsteady aerodynamic forces
and moments acting on the individual blades The blade
response can then be predicted by analyzing the imterac-
tion of these unsteady forces and moments with the struc-
tutal charactenistics of the biading, accomplished through
crither o classical Newton's second law approach (I ung
19609) or a balance of energy techmque (Hoyvmak &
Fleeter 10K 084

The development of cascade analyses to predict the
unsteady acrodyvnamics acting on the blading 1< cutrently
an ttem of tundamentat research mterest, for example, the
following references Fleeter 1970 Goldstein & Atass
1976 Verdon & Caspar 1981, Fnglert 1982 Nagashima &
Famida 1984 Thus, the unsteady aerodynannic forces and
moments acting on the individual blades cannot, i
pencral. be predicted  As a result. the amplitude of the
hlading response cannot he accurately analvzed
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' 10 Enqine Order Lable b At mean secnon charactenistios and - compressor
) destgn pomt conditions
l 6 €O
Rowor Stator
‘ 5 EO Iype ol anlonl 4 4
v Nunber of blades 413 1
3 ¢ hotd. C ¢mn) 0 0 .
T Sohdity. €78 B 1oy ‘
‘: 2 4€0 Camber 2798 1770
- E 3 Stagger angle 36 ~-36 1
,;A S : Aspect tatio 20 20
In R Fhichnessachord () 10 10
:t I T /350 o ate (kg/second) J 66 :
Kl D g Rotor-staton wxaal spacing (nun) 222 i
‘.0: & ¢ ® Drestgn asal veloaity fimceters/sed) 320
* Rotational speed (RPN KNI
2EC
Number ol stages 1
SLige presstne o 1 003
Infet tp diametar (mmy) 120
W | EO Hub/up radios rano 0714
«; / Stage clhiaeney (74) XS
U
R 208 gp
o Rotational Speed, N+ =5— M Lo dieat the development ol unsteady acrodynanic
'ty & Fig. 1. Campbell dragram nuvnlcfl\ and 1o evaluate these advanced analyses as well as
e existing ones. data obtimned  fiom expenments wiich
2 .
I maodel the Tandamental unsteady phenomena inherent in
LI . -
: tnbomachine blade 1ows e sequied. The objectine of
the expeniments descubed herem s o sovestigate the
V et . v YO . . . . v LTINS .
) {}w" totor wake pencrated quul tesponse unsteidy acrody
";' ; names on e ovme ton e a mulbsstage compressor n
.
t:; % e patticular, the 1ot wake generated chordwise distnibu-
. -
,:;’ <4 ton ol the unsteady swbace pressures on the fust stage
1 [ .
2 - Rotatum » vane 1ow of o three stage anaal low rescinch compressos
. ﬂ vies,” ¥ N Hi are determimed over aorange ol steady operating conds-
) 1( N -
S I i e AN e € L tons - These data e conrelated wath appropriate predie-
K3 . 5 N ~ R LN R ST
N : N o tons
"; » AN A t rgine
1 . Aoke
"‘ Vahaiims etk
l:' : nomaat | e
) veciting = 2 Rescarch compressor
Wabe Regrn
+
" ﬁ L s 4 \ The wakes hom the rotor blades are the pramary source of
V¢ v unanted - D
;, I Swtares the unsteady sutace pressures on the fest stage stator .
o, (XT) |
o’ }mn--. vanes. e the votor wakes dehine the Toramg function o )
H i
.: J the doswnstream stator vanes, as depicted m Tag 2 Tienee, .
o i S hem: e s
. Fig. 2. Schemanc of flow bicld 1S necessary o evpernmentally maodel the basic unsteady
, actodymanne phenomena mherent e s time-varim
3y

imtcraction. mdading the madence angle ellects, the
veloanty and pressare vanations, and  the reduced fre-

‘ -
R
4y .

4 quency
e . mv hese tundamental phenomena are all somulated m the

g I 3 Stage Compressor Purdue inserstty thiee stage axal How rescach come

) Throttte | ' ) .

h i . pressor, depicted schomandally m g 3 The compressorn

# - . -

o L IL'[, . ) __l H s doven by a FYHP DO electne motor with a speed vange )
y ﬁ el * Venturt of 300 10 000 RPN The mlet section s Jocated att of the \
5! Suooqumnq Flow . Lo . - T

K Tebes | Meter dive motor i the exat ol this section e 38 vargable
K Tt T T o geomeny putde vanes which duect the Now mto the test
g " tig. 3. Schematic of three stage rescarch compressor section Haee adentical compressor stages e mounted n s
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the test section. which las an annulus with constant huh
(030 m) and tip (02320 m) diameters. The exit fow from
the test scction is ditected thiough o series of Mow
straighteners into i venturi meter which enables the mass
Now rate to be determined. To throttle the compressor, an
adijustable plite is located at the exit of the ditfuser of the
ventut,

Fach of the thice identical compressor stiages consists
of 4V jotor blades and 41 stator vanes Hence, the
intcrblade phase angle for these cxperiments s 17.567
Fhese free vortex design aifoils have o British O section
profite, a chord of 30 mm, and o madamuom thickness-to-
chord ratio of 0100 The overall andoil and conypessor
characteristics aire presented tn Table |

3 Instrumentation

Conventional steadv-state instrumentation is used 1o deter-
mine the flow properties in the compiessor - The inlet
tempetitme s measured by Tfom equally spaced thermo-
conples at the nlet of the compressen Casing <tatic taps,
cqually spaced circomicrentially, allow the measurcment
ol the static pressure between cich blide row . Traversing
gear instrument stations provided between cach blade row
e used 1o measure the mean How incidence angle on the
first stage stator vanes. Chordwise distributions of vane
surliee static presswre taps are nsed 1o determine the
steady actadynamic loading A thermocouple and Kiel
probe located dosnsticam are used to measure the com-
pressor oxit temperate and total pressure, respectively.
Ihe mass Now is micastned with the calibated ventini
meler located downsticam of the compressor test section,
A shalt mounted 60 tooth gear and o magnetic pickup
provide the rotor specd

The vnsteady data of Tandamental interest sne the
chordwise distribution of the complex time-viniam pies-
sure difference across the chordline of the lirst stape stator
vane. These data e obtained wing Kulite thin-line
desipn dynamic pressme tnsducers Two instrumented
vames e nsed. The suction surlace of one vine and the
pressme suhice of another are insttnmented with these
tansducers at 141, 29147 1 and 6177 of the stator vane
chord. Fo minimize any Now distibances gencrated by
the tmsducers. they ae cmbedded in the vanes and
connected 1o the surface by o static pressure tap with the
fead wines placed i milled <lots and carnied out taough
hollow trunnions, These vanes are Tociated in the statog
vane tow such that a complete Hlow pasaage s instru.
mented.

4 Data acquisition and analysis

The steady state data of interest include (1) the static
pressures on the stitor vane smbiaces, accomplished with
chordwise distribations of sinface static pressie taps: (2)

- ‘ . . W A e
F I G R R N R TG Het, ! n ol " N Wt
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the pressmes and temperatures throughout the compres-
sor. thereby permitting the compressor operating map o
he determined. The compressor map is used to define the
opcrating points, in terms of overall pressure ratio and
conrected mass flow rate. at which the unsteady surface
pressire measuremets are obtained.

Steady state data acquisition follows the standard
culduation procedure. At the selected corrected speed. the
compressor is stabilized for approximately 10 minutes.
alter which the steady state data acquisition is initiated and
conttolted by o PDP HE-2Y computer. The dita are then
analyzed. and the conected mass (fow, pressuie ratio, and
corrected specd determined.

Fhe tme-vimiant dita acquisition and analysis tech-
migue used s based on o data averaging or <ignal
enhancement concept (Gostelow 1977). The key to such a
technique is the ability 10 sample data at a preset time,
T this inmvestigation. the data of interest are gencrated at
the blade passing ficqueney  Hence, an oplical encoder
delivering o sguire wave voltage signal with a duation in
the microsccond tange. was mowted on the rotor shaft
and used as the time or daty imtiation refcrence to trigger
the A DY multiplexer system. This system is capable of
digitizing signals simultancously at rates to S megaheit?
per el storing 2048 data points per channcel.

Fhe ctfect of avernging the time-variant digitized
pressure signals from the blade mounted dymamic pres-
sure tansducers was considered. Tigure 4 displays the
tine-variamt pressare signal from the 14.1% chord pies-
sre snface dynamic pressure transducer for |orotor
tevolution and averaged over 28, SO0 75, and 100 rotor
tevolutions  Averaging is scen to gieatly reduce the ran-
dom fluctuations superimposed on the harmonic pressure
sigmals Also these time-vaniamt pressue signals e essen-
tially unchanged when averaged over 78 o more rotor
revolutions

At cach steady state operiting point. an averaged time-
vatiant data set. consisting of the Kulite dynamic pressure
teansducer signals digitized at a rate of 20kllz and
averaged over 100 gotor revolutions, was obtimed  hewe
1ator revoluttons were not consecutive due (o the finite
time requited for the A-D multiplexer system (o sample
the data and the computer o then read the digitized data

[ach of these digitized <ignals is Pourier decomposed
it harmonics by means of an FET algonithm Figuee S
shows an cximple of this decomposition for the 14 1%
chotd pressure sutlace transducer signal - As seen. the
tansducer signal contiing a dominamt fundamental hre-
queney cqual (o the blade passing frequency and a much
smaller second havmonic component. Tn addition. the
averaged <igmal exhibits minimal non-harmonic content.
From this | owier decomposition, both the magnitude of
cach component and ils phase lag as referenced (o the
oplical encoder pulse are determined.

Cascade gust nnsteady acrodynmamic analyses predict
the insteidy pressure difference across the vane as a func-
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ton of witfoil chord in the form of an unsteady pressuee
dilference coclficient and an aerodynamic phase lag The
umsteady  pressure difference coefficient is notmalized
with sespect Lo the steady state properties of the How and
the magnitude ol the transverse gust. The actodynamie
phase Lag s referenced 1o tiasverse gast ad the leading
cdge of the refesence anloil. Vlence. to enbance the
cxperiment-theory cotrelation process, the data were ad-
justed in phase and magnitude 10 agiee with the predie-

TR ‘ H
N . N:t
AVIVRNANRY:
e
//.\‘. 4 / ) / “‘\ //I \ ,/
N=50

PRESSURE (PSIG)

TIME (SEC) xi0°3

Fig. 4. Dagitized prossuie signabs averaged over N orotor revolu-
hons

tons b the feading edge transducer focation. Thus, the
tinal Torm of the thime-variant data consists of an unsteady
pressure dilference coeflicient, C,oand an aerodynamic
phase lag.

S Results

Fhe steady state Tost stage vane swmlace static pressuse
distnbutions quantily the cifect of acrodynamic Joading.
Eigure 6 presents the acrodynamic loading distibutions at
19 1% span i the Toom ol a static pressure coetlicient for
five devels of oading. conespondig to medence angles
ranging from  70% 10 1 69°
As the madence angle s increased hom - 7.09 10
207, the acrody mamie loading mercases. with no swmiace
Now sepaation indicated by the static pressure data.
Increasing the incidence angle o 0.0°, results i further
mareased actodymamie loading. The Tattening owt of the
all suction swlice stabie pressure data s indicative of a
comsbant pressure sepatation in the taaling edge regron of
this suttace Thus, 207 ol incidence conesponds 1o the
steady design pomnt operation ol this span position. The
region ol comtant static pressure becones sonmes it more
apparent as the Joadmg s tuither inereased, to 2.9° and
69° of madence. extending Turther forwand with -
creased madence angle values This s associted with the
Al suction surbace low separation, with the separiation
posnt moving lorwand as the mcidence angle s icreised
The stator vane swbace st harmomic unsteady pres-
stre coclbivienmt and actodynamie phase lag data e
conrehated with predictions obtained from a cascade acio-
dyamie pust maded which considers the invascid, nrata-

vonal. Now ol o perdea gas This model considers the
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tmlarm subsonic compressible, nonseparated steady Mow
pant a0 two-dimensional flat plate airfoil cascade. with
small unsteady pormal velocity perturbations superim-
posed and comvected downstream, Nig. 7. The parameters
maodeled include the cascade solidity and stagger angle,
the tmerblade phase angle, the inlet Mach number, and
the reduced frequeney

Liguie & prcsents the unsteady pressure data at the
steadystate design point. - 207 of incidence. together
with the incompressible (Mach = 0.05 and the appropriate
compressible (Mach = 0.1} predictions. The  differences
between the two predictions s of interest. The axial
velocny is approxinately 32 m/s and thas the steadv-state
cxperiments e incompressible. However, the compres-
sible reduced frequency patameter. KA1 - MY s on
the order o 0.7 which is in the ange wherein compres-
sihility etects are impotmt. Thus, the unsteady data e
compressible Now date. As a result, all of the unsteady
datn presented are conelated with the  compressible
tMach = 01y predictions

As alo seen i Tig R good conrelation exists between
the nnsteady pressme difference coelficient data and the
pmediction. with both decreasing with increasing chord-
wise posibion. Hlowever. the acrodviamic phase lap data
cxhibit o comewhat different chordwise distiibution than
the prediction. In particular, the phase lag data fiest
mcrease and then dectease relative to the flat plate
cscirde prediction as the chord is traversed. This result s
attributed to the camber of the stator vane.

the sero incidence angle results are presented in g, 9.
Ao seen. the conrelation of the unsteady presswie dilfer-
ence cocthicient data with the nonsepanated predictions is
reasaniithly pood, with the data decreased at 47.4% chord
and Aightly ncreased at 63 7% chord as compated to the
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predictions. The phase lag data exhibit the previously
noted design point effect of i foil camber,
Figure 10 presemts the Large negitive incidence angle,
- 7. off-design reswlts. The correlation of these unsteady
pressure ditference coefticient dita with the prediction is
not as good as the design point results, with the 29 1% and
the 63.7% chord data noticeably decreased valie in

rckation to the prediction. Alse, the phase Lag data s
mcrease and then decrease ickative to the prediction as the
chord s traversed. Tlowever, the decrease is not nely as
farge as Tound at the design condition.

I'his decreased

Dynomic Presswe Cosfficient, Cp
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200l o

Fig. 12, Chordwise variation of the dynamic pressure cocthicient
and acrodyramic phase lag at 3° of incidence
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Fig. 13 Chordwise vanation of the dymismiie pressure coefbicrent
and acrodymmie phase lag at 6 9° ot inaidence

correlation s associned with the kinge differences be-
tween the design and this oft design steady actody nane
Joadig distiibutions. per Fag 6

Figares H through 13 present the cotrelation of the
posttive mekdence angle wisteady pressire data. Al
these positise incidence wngle data exhibie similae correla-
tion trends Analogous 1o the design pomt tesults, over the
ot part of the ol chord the unsteady pressure dil-
ference dute exdnbit good carrelation with predictions
whereas the actodynanice phase kg dat fust inerease and
then decrease velative o the predictions In the mid and
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alt chord regions, the unsteady pressure diltesence and
phase lag dinta exhibit poor corrclation with the predic-
ttons. o particular, the unsteady pressure ditlerence cocl-
ficient data and the predictions decrease as the chord
position is increased over the fiont of the aitloil. How.
cver, whereas the prediction continues to decrease over
the mid and alt part of the aitfoil choed, the data show
increased values, with the higher incidence angle data
exhibiting the largest increase. Also, the acrodynamic
phase Tag data increase and then decrease relative (o the
predictions over the front part of the anfoil, as noted. In
the mid and aft chord region, the phase lag data increase
while the prediction decreases. This poor conclation of
these high incidence angle data is attiibuted 10 the Now
separation over the aft portion of the suction swiface
mdicated by the steady-state sutface stalic pressuie
an cifect not modeled by the analysis.

dati.

6 Summary and conclusions

The elfects of airfoil camber and steady foading on the
tundamental unsteady acrodymamics of the Fiest stage vane
row ol an axial Tow compressor have been demonstoated.
In particular, the unsteady vane surface pressure distiibu-
tions. with the primary source of excitation being the
wakes from the first stage rotor blades, were measured by
means of embedded Kalite dynamic pressure transduocers
These time-variant data were analyzed using data averag-
ing and FET technigues to determine the unsteady pres-
sure dilference and the aerodynamic phase lag
were

These
then correlated with predictions obtimed from @
compressible transverse gust flat plate cascade analysis
which considers nonseparated steady flow.

At the design point incidence angle, the unsteady
pressure difference coctlicient data exhibited good corne-
fation with the predictions, with the acrodynamic phase
lag data exhibiting fair trendwise conrelation  The quant-
titative phase fag dilferences between the data and the

oy r

Fxperiments in Fluids 4 (1986)

predictions are a cesult of the camber of the anlol As
the steady ttail foadmg s inacased, the steady-state
stface static pressie distitbubions idicated an alt soe-
Fhis sepatation alfected the

dati. with these data exlubiting poo

ton s lace ilow separation,
unsteidy
corrclation with the predictions over the alt portion ol the

pressue

vange.
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Unsteady Blade Row Interactions
in a Multistage Compressor

V. R. Capece,* S. R. Manwaring,* and S. Fleetert
Purdue University, West Lafayette, Indiana

A three-stage research compressar has heen utilized (0 investigate the multistage blade row Interaction Rust
geradynamics far the fiest time. The aerodynamic forcing funcitons as well as the chordwise distributions of
the stendy surface pressures snd the first harmonlc unsteady pressure differences on the first and second stage
stalor vane rows were experimentsily determined over a range of nperating and geomelric conditfons. This
serles of experiments determined that the complex unsteady serodynamic loading on downstream hisde rows
is directly related to the fnrcing function (o the blade raw, with (his forcing function signiticantly ffected hy
multistage hiade row interactions. These results have an Implication towards the modeling of unsteady aero-
dynsmic hiade row interaction phenomens. Namely, the variations of the second stsge unsteady data with
forcing function waveform cannot he predicted hy harmonic gust models.

Nomenclature
= airfoil semi-chord

>

d i (ficient Ap
=dynamic pressure coeliictent, —e—————
sznu(v/ Vnhl)

= static pressure coefficient, (Ap/VipU?)
= incidence angle

= reduced frequency, (wh/V ;)
=number of rotor revolutions
=stator vane circumferential spacing
=rotor blade tip speed

= longitudinal perturbation velocity
= absolute velocity

wmiat = Aabsolute axial velocity

= fransverse perturbation velocuy
=inlet angle

=dynamic pressure diffetence

Ap = static pressure difference, p- P,
P =inlet air density

w = blade passing angular frequency

=EQUZTO N

-
~

[N
3

Introduction

HE demand for gas turbines with increased durability
has made the structural dynamic response of turbo-
machinery blade rows to periadic aerodynamic loading a
problem of increasing concern. In particular, as part of the
engine design process, the alternating blade stresses due to
resonant vibratory response must be predicted. The failure to
accurately account for this vibratory behavior can lead to
premature engine failure and reduced engine life.
Vibratory responses of blade rows occur when a periodic
aerodynamic forcing function with frequency equal to a
natural blade resonant frequency acts upon a blade row. The

Presented as Paper R5-1134 at the ATAA/SAE/ASME/ASEE 21t
Joint Propulsion Conference, Monterey, CA, July 8-11_1985; re-
ceived Jan. 29, 1986. Copyright © (986 hy S. Fleeter. Published by
the American Institute of Aeronautics and Actronautics, Inc., with
permission.

*Air Force Research ih Aero Propulsion Technology trainee,
Thermal Sciences and Propultion Center School of Mechanical
Engineering. Student member ATAA.

tProfessor, School of Mechanical Fngineering; and Director,
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rotor speeds at which these aecrodynamically induced vibra-
tions may occur are predicted with Campbell diagrams.
However, Campbell diagrams yield no information about the
amplitude. of the resulting stresses.

The structural behavior of turbomachinery blade rows in
terms of airfoil frequencies and mode shapes can be accu-
rately predicted from geometric and material considerations.
However, the overall vibratory response of the blade row is
influenced not only by the structural dynamics, but also by
the unsteady aerodynamics of the blade row. Unfortunately,
a general predictive capability for the unsteady aerodynamics
due (o periodic disturbances does not yet exist. Thus, due to
the inadequacies of cuirent unsteady aercdynamic models,
accurate predictions cannot be made for the amplitude of the
resulling vibration and stress.

Small perturbation models for the periodic disturbance
unsteady aerodynamics have been developed which consider
a gust convected with the freestream past zero thickness
cascade flat plate airfoils operating at zero mean incidence in
both subsonic and supersonic flowfields, for example, Refs.
1-3. Atassi* has developed an analysis for incompressible
unsteady flow past an isolated thick cambered airfoil in-
cluding incidence effects. Caruthers® and Caspar and Ver-
don® have developed subsonic compressible cascade analyses
which consider thick, cambered air(oils operating at
incidence.

Ta verify such mathematical models, experiments in single
stage research compressors have been performed.”’® The
upstream rotor wake and the resultant first harmonic
unsteady pressures on the surfaces of the downstream stator
vanes are measured and correlated with predictions obtained
from harmonic cascade gust models.

However, these analyses and experiments consider only
one blade row at a time, with the effect of the upstream
blade rows represented by the harmonic aetodynamic gust,
i.e., multistage blade row aerodynamic interactions are not
directly considered.

In this paper, the fundamental multistage mteracnon gust
unsteady aerodynamics of nonresponding airfoils are ex-
perimentally investigated for the first time. In particular, the
aerodynamic forcing functions as well as the chordwise
distributions of the steady pressures and first harmonic
unsteady pressuie differences on the first and second stage
stator vane rows of a three-stage research compressor are ex-
perimentally determined over a range of operating and

TS PR et [ 7% BN -
&,‘.-‘;-""(an.‘."e-f o




A OGN T IR IR AR LI A X A AN Ty “@iavet. gla-

MARCH-APRIL 1986

g Research Compressor

The wakes from upstream blade and vane rows are the
primary source of the unsteady aerodynamics on the down-
Emenm blade rows, i.c., the upstream airfoil wakes define the
forcing funclion to the downstream airfoil rows. Hence, it is
necessary 10 experimentally model the basic unsteady aero-
dynamic phenomena inherent in this time-variant interaction,
! including the incidence angle, velocity and pressure varia-
tions, aerodynamic forcing function waveforms, reduced fre-
quency, and blade row interactions.
These fundamental phenomena are all simulated in the
@Pmdue University three-stage axial flow research compressor
(Fig. 1). The compressor is driven by a 1S hp DC electric
motor over a speed range of 300 (o 3000 rpm. The inlet sec-
tion is located aft of the drive motor. In the exit of this sec-
ﬁlion are 38 variable geometry guide vanes which direct the
flow into the test section. Three identical compressor stages
are mounted in the test section, which has an annulus with
¢ constant hub (0.300 m) and tip (0.420 m) diameters. The exit
flow from the test section is directed through a series of Mow
siraighteners into a venturi meter which enables the mass
flow rate to be determined. To throttle the compressor, an
adjustable plate Is located at the exit of the diffuser of the
venturi.

Each of the three identical compressor stages consists of
43 rotor blades and 41 stator vanes. These free vortex design
airfoils have a British C4 section profile, a chord of 30 mm,
2 and a maximum thickness-to-chord ratio of 0.10. The overall
airfoil and compressor characteristics are presented in Table
1. For the case of rotor generated forced response unsteady
{ acrodynamics, the interblade phase angle is specified by the
ratio of the number of rotor blades to stator vanes. Hence
the interblade phase angle for these experiments is 17.56 deg.

= B3R 3=

ot

Instrumentation

The steady state data of interest include the overail com-
pressor performance and the aerodynamic loading distribu-
tions on the first and second stage stator vane rows.

Conventional steady state instrumentation is used to deter-
mine the flow properties in the compressor. The inlet
temperature is measured by four equally spaced thermo-
couples at the inlet of the compressor. Casing static taps,
equally spaced circumferentially, allow the measurcment of
the static pressure between each blade row. The traversing
gear instrument stations provided each blade row are used to
measure the mean flow incidence angle. A thermocouple and
Kiel probe located downstream are used to measure the com-
pressor exit temperature and total pressure, respectively. The
mass flow is measured with the calibrated venturi meter
located downstream of the compressor test section. A shaft
mounted 60 tooth gear and a magnetic pickup provide the
rotor speed.

The steady state aerodynamic loading of the vane rows is
determined by instrumenting a pair of stator vanes with
chordwise distributions of surface static pressure taps. It is
only necessary to instrument one pair of vanes as the first
and second stage vane rows are identical and inter-
changeable.

The unsteady aerodynamic data of fundamental interest
are: 1) the fluctuating aerodynamic forcing function to the
first and second stage stators, i.e., the wakes from the
upstream blade rows; and 2) the resulting chordwise distribu-
tion of the complex time-variant pressure difference across
the chordline of the first and second stage stator vane rows.

The aerodynamic forcing function to the vane rows is
measured with a cross-wire probe calibrated and linearized to
45 m/s and x 335 deg angular variation. The mean absolute
exit flow angle from the rotor is determined by rotating the
cross-wire probe until a zero voltage difference is obtained
between the two linearized hot-wire signals. This mean angle
is then used as a referepce for calculating the instantaneous
absolute and relative flow angles. The output from each
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channel is corrected for tangential cooling effects, with in-
dividual fluctuating velocity components parallei and normal
to the mean flow angle, i.e., the components of the aero-
dynamic gust, calculated from the corrected quantities. For
this velocity and Mlow angle range, the accurcy of the veloc-
ity magnitude and angle are +4% and + 2 deg, respectively.

The airfoil surface dynamic pressure measurements are ac-
complished with Kulite thin-line design dynamic pressure
transducers. As per the steady instrumentation on the stator
vanes, only two vanes are insirumented. The suction surface
of one vane and the pressure surface of the second are in-
sttumented with these transducers at 14.1, 29.1, 47 .4, and
63.7% of the vane chord. To minimize any flow disturbances
generated by the transducers, they are embedded in the vanes
and connected 0 the surface by a static pressure tap with the
lead wires placed in milled slots and carried out through
hollow trunnions. Calibrations of the transducers showed the
accuracy of the unsteady pressure measurements to be
+3.5%.

As schematically depicted in Fig. 2, each set of instrumented
vanes are located such that a flow passage is instrumented.
Also, the cross-wire probe is located axially upstream of the
leading edge of the stator row at midstator circumferential
spacing in a noninstrumented vane passage.

Data Acquisition and Analysis

The steady state compressor performance data acquisition
follows the standard evaluation procedure. At the selected
corrected speed, the compressor is stabilized for approxi-
mately 10 min, after which the steady state data acquisition
is initiated and controlled by a PDP 11-23 computer. The
data are then analyzed, and the corrected mass flow,
pressure ratio, corrected speed, and vane surface static
pressure distributions determined.

The time-variant data acquisition and analysis technique
used is based on a daia averaging or signal enhancement
concept.' The key to such a technique is the ability to
sample data at a preset time. In this investigation, the dala
of interest are generated at the blade passing frequency.
Hence, an optical encoder, delivering a square wave voltage

Hig. | Three-singe anial Mow research compressors.
Table 1 Alrfoil mesn section characteristics and compressor
design point conditions
Rotor Stator

Fype of Airfoil (&) (]
Number of Blades 43 41
Chord, C(mm) 30 o
Solidity, C/S .14 1.09
Camber 271.95 271.70
Aspect Ratio 2.0 2.0
Thickness/Chord (%) 10 10
Ilow Rate (kg/s) 2.66
Rotor Stator Axial Spacing (mm) 22.2
Design Axial Velocity (m/s) 120
Rotational Speed (1rpm) 3000
Number of Stages 3
Siage Pressure Ratio 1.003
Inlet Tip Diameter (mm) 420
Ilub/tip x Radius Ratio 0.714
Stage Elficiency (%) 8s
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Fig. 3 Averaging of unsieady pressnre signals.

signal with a duration in the microsecond range, was
mounted on the rotor shaft and used as the time or data ini-
tiation reference to trigger the A-1) multiplexer system. This
system is capable of digitizing signals simultaneously at rates
to $ MHz per channel, storing 2048 data points per channel.
The effect of averaging the time-variant digitized pressure
signals from the blade mounted dynamic pressure
transducers was considered. Figure 3 displays the time-
variant pressure signal from the 14.1% chord pressure sur-
face dynamic pressure transducer for | rotor revolution and
averaged over 25, 50, 75, and 100 rotor revolutions. As seen,
averaging greatly reduces the random fluctuations super-
imposed on the harmonic pressure signal. Also, these time-
variant pressure signals are essentially unchanged when
averaged over 75 or more rotor revolutions.
At each «endy state operating pomt an nvern!ed (ime
’ .7\" ’Q’ ‘On"‘ 'Oa\.n. ) !n"-.

" .‘_m-x!g‘:lim.l_d‘s}‘a\qi:?{l 8 anele of .t

consecutive due to the finite time required for the A.D multi-
plexer system to sample the data and the computer to then
read the digitized data.

Each of these digitized signals is Fourier decomposed into
harmonics by means of an FFT algorithm. Figure 4 shows an 7
example of this decomposition for the 14.1% chord pressure
surface transducer signal. A seen, the transducer signal con-
tains a dominant fundamental frequency at the blade passing
frequency and much smaller higher harmonics. In addition,
the averaged signal exihibits minimal nonharmonic content.
From this Fourier decomposition, both the magnitude of
each component and its phase lag as referenced to the optical
encoder pulse are determined.

Figure § presents the digitized signal from the trailing edge
transducer on the pressure surface together with the sum of
the first three harmonics of this signal. As seen, the addition
of the first three harmonics yields a good approximation to
the signal, thereby demonstrating that this signal is com-
posed primarily of the first three harmonics of the rotor ‘
blade passage frequency. ‘

From the Fourier analyses performed on the data, the

Opjc. 28 refar;
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Fig. 6 Variation of absolute velocity due to rotor blade wakes.

the wake generated velocity profiles with the first harmonic
surface dynamic pressures on the instrumented vanes, the
rotor exit velocity triangles are examined. Fig. 6 shows the
change in rotor relative exit velocity which occurs as a result
of the presence of the blade. A deficit in the velocity in this
relative frame creates a change in the absolute velocity veclor
as indicated. This velocity change is measured with the
crossed hot-wires. From this instantaneous absolute angle
and velocity, the rotor exit relative angle and velocity as well
as the magnitude and phase of the perturbation quantities
are determined.

As noted previously, the hot-wire probe is positioned
upstream of the leading edge of the stator row. To relate the
time based events as measured by this hot-wire probe to the
unsteady pressures on the vane surfaces, the following
assumptions are made: 1) the wakes are identical at the hot-
wire and the stator leading edge planes; and 2) the wakes are
fixed in the relative frame. A schematic of the rotor wakes,
the instrumented vanes, and the hot-wite probe was pres-
ented in Fig. 2. The rotor blade spacing, vane spacing,
length of the hot-wire probe, and axial spacing between the
vane leading edge plane and the probe holder centerline are
kunown quantities. At a steady operating point, the hot-wire
data is analyzed to determine the absolute flow angle and the
rotor exit relative flow angle. Using the above two assump-
tions, the wake is located relative to the hot-wires and the
leading edges of the instrumented vane suction and pressure
surfaces. From this, the times at which the wake is present at
various locations is determined. The increment times be-
tween occurrences at the hot-wire and the vane leading edge
plane are then related to phase differences between the per-
turbation velocities and the vane surface.

To simplify the experiment-theory correlation process, the
first harmonic data is adjusted in phase such that the

UM NI

Fig. 7 First stage vane static pressure coefficient distribution.
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Fig. 8 Flest harmonic unsieady data correlation lor first siage
vane.

transverse perturbation is at zero degrees at the vane suction
surface leading edge. From the geometry indicated in Fig. 2,
the time at which this would occur is calculated and
transposed into a phase difference. This difference is then
used to adjust the pressure data from the suction surface. A
similar operation is performed on the pressure surface data
so that the surfaces of the vanes are time related; i.e., time
relating the data results in data equivalent to that for a single
instrumented vane. Following this ptocedure, the first har-
monic pressure differences across an equivalent single vane
at each transducer location are calculated. The final form of
the unsteady pressure data describes the chordwise variation
of the first harmonic pressure difference across a stator vane
and is presented as an acrodynamic phase lag referenced to a
transverse gust at the airfoil leading edge and the dynamic
pressure coefficient,

Ap

Cpammbt
4 P V}.m("/ Vexint)

-—aw

AN SR M o h Y ¥ N,

T 5 8 5 o &4

]
1

E“"'E"l

zn ] -lnl



e Ko
s YK

S,

{2

B

. X . -p 7,
AR RN AN AR O DA Pl A A e, LGN

T N K A T L R WO N VUMV OV

-40-
172 CAPECE, MANWARING, AND FLEETER J. PROPULSION
INCIDENCE  SUCTION PRESSURE Results

ANGLE SURFACE SURFACE The objective of this series of experiments is the quan-
-83° o . titative investigation of the blade row interaction first har-
— ::;94'. ': : monic gust unsteady aerodynamics. This is accomplished by
- measuring the aerodynamic forcing functions and the chord-
& wise distributions of the steady pressures and the first har-
e 25 ! | Pt ¢ 9 monic unsteady pressure differences on the first and second
& o : . —_ stage stator vane rows of a three-stage research compressor

2 . & 50 o75 8 100 over a range of operating and geometric conditions.
) . o ° ° ¥ CHORD The chordwise distributions of the first harmonic of the
8 a § g ° complex unsteady pressure differences across the vane rows
w -025r 3 8 Q are correlated with predictions obtained from a periodic gust
g - model which considers the inviscid, irrotational fow of a
] o perfect gas. This model? analyzes the uniform subsonic com-
€ 080 o pressible flow past a two-dimensional flat plate airfoil
> cascade, with small unsteady normal velocity perturbations
2 superimposed and convected downstream. The parameters
= include the cascade solidity and stagger angle, the interblade
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Fig. 9 Secand stage vane static pressure coelficient distribution,
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phase angle, inlet Mach number, and reduced frequency.
The first stage vane steady and lirst harmonic unsteady
data at incidence angles of -9.2, -10.3, and -14.5 deg, are
presented in Figs. 7 and 8, respectively. No evidence of flow
separation is evident in the vane surface static pressure
distributions, with the steady aerodynamic loading a func-
tion of the incidence angle, as expected. However, the first
harmonic unsteady data, Fig. 8, are nearly independent of
the incidence angle and the steady loading over this range of
operating conditions. The difference between the zero in-
cidence [lat plate predictions and these unsteady data are at-
tributed to the camber of the airfoil and incidence angle ef-
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Fig. 12 Second stage vane merodynamic forcing function wave.
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Fig. 14 Effect of first stage stator indexing on second stage vane
static pressure coelficient.
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fects, analogous (0 the single stage experimental results of
Refs. 8, 9, and 10.

The second stage steady loading distribution and the cor-
relation of the first and second stage unsteady data for this
same range of incidence angles and reduced frequency values
ate presented in Figs. 9 and 10, respectively. The chordwise
static pressure distributions on the vane surfaces are similar
for both stages, with the steady acrodynamic loading a func-
tion of the incidence angle and no evidence of flow separa-
tion. The second stage unsteady data exhibit the same overall
trends as that of the first stage. [towever, unlike the first
stage results, these second stage unstcady data, pacticularly
the dynamic pressure coefficient, aie a function of the in-
cidence angle and, thus, the steady state loading.

To understand this difference in the effect of incidence
angle on the first and second stage unsteady data, it is
necessary to consider the aerodynamic forcing functions for
the unsteady pressure data, i.c., the upsiream wakes imping-
ing on the downstream stator vanes. Figure |1 presents the
wake normal perturbation velocity wavefoums which are the
forcing function to the first stage vane row data of Fig. 8.
As scen, these waveforms ase nearly identical to one another,
The corresponding second stage vane row inlet normal per-
tarbation velocity wavelorms are presented in Fig. 12, These
waveforms differ signiticamly from one another and also
from the first stage wake wavelonms. This variation in wave-
form of the sccond stage forcing function with steady
operating point is a multistage blade row interaction effect,
with the seccond stage rotor wake being modulated by the
wakes (rom upstream flirst stage rotor and stator aitfoils.

The research compressor used in this study offers the
ability to investigate this muoltistage unsteady blade row
interaction effect. This is because the first stage stator vanes
can be indexed circumferentially relative to the second stage
vane row. Thus, this mulistage unsteady blade row inter-
action is investigated at a fixed steady state operating point
by indexing the first stage stator row refative to thie second
stage vane row, as schematically depicted in Fig. 13,
Specifically, with the first siage stators indexed 0, 25, 50,
and 75%, relative to the second stage vane, complete steady
and unsteady sccond stage vane row data sets are oblained

The circumferential indexing of the first siage stator vanes
has no effect on the second stage vane steady state loading
distributions (Fig. 14). However, it does have a signilicant
effect on the wavefonm of the acrodynamic forcing function
to the sccond stage vanes. In particular, the relative stator
positioning results in the modulation of the waveform of the
sceond stage rotor withes, as seen in Fig. 15, This waveform
modulation of the primary forcing function 1o the second
stage vane tow affects the complex unsteady pressure
distributions on this vane row (lIig. 16).

These variations of 1the unsteady data with forcing func-
tion waveform camnot be predicted by harmonic  gust
maodels. This is because the forcing function waveforms and
the resulting unsteady  pressure  distributions have been

Fourier decomposed, with the first harmonics of the
unsteady data presented. Thus, all of these first hanmonic
unsteady data are correlated with the same prediction curve,
as indicated in Fig. 16, i.e., the predictions from these har-
monic gust models are identical for all of the forcing func-
tion waveforms.

Summary and Conclusions

A three-stage rescarch compressor has been utilized to in-
vestigate the fundamental multistage blade row interaction
gust unsteady aerodynamics for the first time. The aero-
dynamic foscing functions as well as the chordwise distribu-
tions of the steady surface pressures and the first harmonic
unsicady pressure differences on the first and second stage
stator vane rows were experitnentatly determined over a
range of operating conditions, including the indexing of the
first stage stator row ielative 10 the second stage vane row.
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This series of experiments demonstrated the major effect
of multistage blade row interactions on the unsteady aero-
dynamics of downstream blade 1ows. In particular, the first
stage blade rows modulated the waveform of the aern.
dynamic forcing function to the <econd stage vane row. This
has no effect on the steady loading of the <econd stage
vanes, but does have a significant effect on the resulting
complex unsteady chordwise presswe difference distribu-
tions. Thus, the complex unsteady aerodynamic loading on
downstream blade rows is directly refated to the forcing
function to that blade row, with this forcing function
significantly affected by multistage blade 10w interaction
phenomena. These results have an implication towards the
modeling of uustcady aeradynamic blade row interaction
phenomena. Namely, the variations of the second stage
unsteady data with forcing function waveform cannot he
predicted by harmonic gust models, i.e, the predictions from

these gust models would be identical for all of the forcing
function waveforms.
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WAKE INDUCED UNSTEADY AEZRODYNAMIC INTERACTIONS
IN A MULTI-STAGE COMPRESSOR

Vincent R. Capece®
Sanford Pleetex®e
Thermal Sciences and Propulsion Center
School of Mechanical Engineering
Purdus University

West Lafayette,

ABSTRACT

The effects of steady loading and the
detailed asrodynamic forcing function on airfoil
row unsteady asrodynamics are investigated and
quantified at high reduced frequency values. Por
the first time, both parallel and normal gust com—
ponents of the forcing function are considered.
This is accomplished by a series of experiments
vhich quantify the unsteady aerodynamics of Lhe
fizst stage vane row of & research coapressor.
T™he effects of steady vane asrxodynamic loading
with both non-constant and constant aerodynamic
forcing functions are Quantified. These data show
that the steady loading affects only the magnitude
of the complex dynasic pressure coefficient
whereas Lhe ratios of the maximum amplitudes of
the parallel and normal coaponents of the aero-
dynasic forcing function affects both the magni-
Ltude and the phase lag. The relative effecis of
the two components of the time-variant inlet velo-
city field on the resulting vane row unsteady
derodynamics are also investigated, showing that
the parallel component of the aerodynamic forcing
function affects only the dynamic pressure coeffi-
cient phase 1lag. The correlation of the dynamic
pressure coefficient data with flat plate predic-
tions is also considered. The level and chordwise
distribution of the steady aerodynamic loading,
not the incidence angle, are ravealed to be the
key parameters to obtain good correlation with
such sathematical models.

NOMENCLATURE

b airfoll semi—chord +

. v
% dynamic pressure coefficient, Ap/p\&(;,—x)
- - = 1 2
c’ static pressure coefficient, (P'Poxit)’ip"t
k reduced frequency, ub/v;
1 incidence angle
n number of rotor revolutions
P stator vane surface static pressure
5.‘1t stator vane exit static pressurs
ap dynaaic pressure difference across chordline
+
'] inlet velocity parallel to vane

* APRAPT Trainee
ssprofessor, 8chool of Mechanical
Zngineering
Director, Thermal Sciences and
Propulsion Center
MIDMEIR AIAA

Indiana 47907 U.S.A.

rotor blade tip speed

inlet velocity normal to vane
absolute velocity

absolute axial velocity

inlet air density

blade passing frequency

4
€ b-< < . ﬂF

INTRODUCTION

An i1tem of concern for high-performance gas
turbine engines is the structural dynamic response
of fan, compressor, and turbine blading to aero—
dynamic excitations. The spatially periodic ‘vari-
ations in pressure, velocity, and f€low direction
of the exit flow field of an upstream airfoil row
appear as temporally varying in a coordinate sys-
tem fixed to a downstream row of airfoils. This
periodic inlet flow field is an aerodynamic forc-
ing function to the downstream airfoil row which
may lead to vibrations of these airfoils. In par-
ticular, when the frequency of the aerodynamic
forcing function is equal to one of the natural
frequencies of the downstream airfoils, vibrations
result which can have large amplitudes and associ-
ated high vibratory stress levels.

At present, these resonant stress levels can
not be accurately predicted. Thus, they are unk-
nown until the first testing of the blade or vane
Iow. If this testing reveals stresses in excess
of a predetermined allowable level, airfoil 1life
considerationa then require a redesign to reduce
these astresses,

To predict the
response vibratory Dbehavior
requires a definition of the
function in terms of its harmonics. The periodic
asrodynamic response of the airfoil row to sach
forcing function harwonic is then assumed to be
comprised of two distinct but related unsteady
aerodynamic parts. One ims due to the chordwise
and normal components of the harmonic forcing
function being swept past the non-responding fixed
airfoil row, termed the normal (or transverse) and
chordwise gust responses, respectively. The
second, the self-induced unsteady aerodynamics, 1is
associated with the resulting harmonic oscillatory
response of the airfoils.

aerodynamically forced
of an airfoil row
unsteady forcing

There are many analytical and physical
assumptions inherent in the various gust and
self-induced unsteady aerodynamic wmodels, refer-
ences 1 through 6 for example. However, only very
limited experimental data exiats to assess the
range of validity and to direct the refinements
necessary to develop valid predictive design sye-
teas.




2oL ) 2R

T

-

2 ) 2 WP R B

- e -

.y -

B R

Al
L]
.‘\
)
L)

=

2

oy B 4

25

i

ol

D o I e N A W o s

c g bgt ep dat fy gt da Ta B 1R dat $a7 fn' st Bat Bet Nar fa” Bat B s ¢a° Ou Bat Bav dut 0a° 4% Au® Rat Bet - At Rel Lt ot Bot jul b BU g R S S A A BN I A A

At very low values of the reduced frequency,
fundamental data for both self-induced unsteady
and normal gust asrodynamics have been obtained in
linear cascades. Carta and St. Rilaire (7,0) per-
formed a series of cecillating airfoil experiments
and demonstrated the effect of aerodynamic loading
on self-induced unsteady aerodynamics, with tLhe
interblade phase angle found to be the principle
parameter affecting stability. Ostdiek (9}
developed an oscillating inlet wind tunnel and
investigated the normal component gust aerodynam-
ics.

At the high wvalues of reduced frequency
characteristic of turbomachinery, low speed single
and multi-stage research compressors have been
used to investigate normal component gust sero-—
dynaaics. These experiments considered the effect
of airfoil camber and rotor-stator axial spacing,
references 10 to 11, and also showed that the
asrodynamic forcing function waveform has an
imgortant influence on the fundamental normal gust
unsteady aerxodynamics [12]).

In this paper, the effecte of steady airfoil
loading and the detailed asrodynamic forcing func-
tion on airfoil row unsteady aerodynamics are
investigated and quantified at high reduced fre-
quency values. Por the first time, both parallel
and normal gust componants of the forcing function
are considered. This 4is accomplished by the
acquisition and analysis of unique data which
descridbe the unateady asrodynamics of the first
stage vane row of a research compressor over a
range of steady operating conditions,.

As schematically depicted in Pigure 1, the
wvakes from the rotor blades are the primary source
of the unsteady asrxodynamics of the first stage
stator vanes, i.e., the exit flow field from the
rotor defines the forcing function to the down-
stzeam astator vanes. T™his aerodynamic forcing
function is defined by the velocity components
parallel and normal to the vane chord, u+ and v+
respectively. The variation in the forcing func-
tion is accomplished by altering the setting angle
of the inlet guide vanes which establish the firet
stage rotor flow field, including the rotor exit
flov field which is the aerodynamic forcing func-
Lion to the downstream first stage vane row.

KESEARCH COMPRESSOR

It is necessary to experimentally wmodel the
basic unsteady aerodynamic phenomena inherent in
the tiss-variant blade row flow interaction
including the incidence angle, the velocity and
pressure variations, the asrodynamic forcing func~
tion waveforms, the reduced frequancy, and the
blade zow intezactions. These are all simulated
in the Purdue OUniversity axial flow research
cosmpressor, Pigure 2. This compressor is driven
by a 13 BEP DC electric motor over a speed range of
300 to 3,000 RPM. Each of the three identical
compressor stages contains 43 rotor blades and 41
stator vanes, with the fizst stage rotor flow
field established by a row of variable setting
angle inlet guide vanes. The airfoils are of free

vortex design and have British Cs4 section pro~
files. .

-45-

INSTRUMENTATION

Both steady-state and time-variant data are
of interest. The steady data describe the overall
compressor operating point and the detailed vane
surface steady loading. The unsteady data define
the time-variant serodynamic vane row inlet flow
field, 1i.e., the vane row aerodynamic forcing
function, and Lhe resulting vane surface unsteady
pressure distributions.

Steady-State

Conventional steady-state instrumentation 1is
used to determine the flow properties throughout
the compressor. The inlet temperature is measured
by four equal circumferentially spaced inlet ther-
mocouples. The static pressures between each
blade row are measured with casing static taps.
Traversing stations Letween each blade row are
used to measure the mean flow incidence angles. A
downstream thermocouple and Kiel probe determine
the compressor exit temperature and total prees-
sure, respectively. The mass flow is measured
with the calibrated venturi meter located down-
stream of the compressor test section. A shaft
sounted 60 tooth gear and a magnetic pick-up pro-
vide the rotor speed.

The steady-state aerxodynamic loading on the
vane surfaces 1is determined by instrumenting a
pair of stator vanes with chordwise dAistributions
of wmidspan surface static pressure taps. Plow
visualization showed the flow to be two—
dimensional along this gstreamline. These vanes
are positioned such that one complete flow passage
is instrumented, Pigure 1.

Time-Variant

The airfoil surface time—variant pressure
measurements are accomplished with Kulite thin-
line design high response transducers. A reverse
mounting technique is utilized, with the transduc-
ers embedded in the vanes from the backside and
connected to the measurement surface by a static
tap. This minimizes any disturbance generated by
the inability of the transducer or mounting to
exactly majintain the vane surface curvature. As
also depicted in Pigure 1, these vanes are posi-
tioned such that a complete flow passage is
instrumented.

The embedded transducers are statically and
dynamically calibrated. The static calibrations
exhibit good linearity and no discernible hys-
tereois. The dynamic calibrations demonstrate
that the frequency response, in terms of gain
attenuation and phase shift, is not affected by
the transducer wmounting. The accuracy of the
unsteady pressure measurements, determined from
the calibrations, is t3.5%

The time-variant inlet flow field to the vane
row is measured with a cross hot-wire probe posi-
tioned midwvay between rotor and stator at wmid-
stator circumferential spacing, Pigure 1. These
probes are calibrated and linearized to 45 wm/sec
and 135 angular variation, with the accuracy g€
the velocity sagnitude and angle of t 4\ and 22 ,
respectively. The mean absolute flow angle is
determined by rotating the probe until a zero vol-
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tage difference bDetween the two linearized hot-
wize signals ia obtained. This mean angle is sudb—
sequently used as a reference for calculating the
instantanecus absolute and relative flow angles.

DATA SITION AND ANALYSI

A digital data acquisition and analysis ays-
tem centered around a Hewlstt-Packard HP-1000 com—
puter is utilized to acquire and analyze cn-line
both the steady and unsteady data.

st State

A 48 channel Scanivalve system is used (o
acquire the steady pressure data. Under computer
control, the Scanivalve is calibrated each time
steady-state data are acquired, with compensation
automatically made for variations in the zero and
span output. As part of this steady-state data
analyeis sequence, a4 root-sean-square errorxr
analysis is perforwed, with the steady data
defined as the mean of 30 samples, with the 95%
confidence intervals determined.

Time-Variant

The time-variant data froa the hot-wire probe
and the dynamic pressure transducers ars obtained
under computer control by first conditioning their
signals and then digitizing thea with a high speed
A-D systea. This eight channel A-D system is able
to digitize signals simultaneocusly at rates (o §
¥z per channel, storing 2048 points per chaanel.

The time-variant data of interest are
periodic, being generated at rotor blade passing
frequency, with a digital ensemble averaging Lech-
nique used for data analysis. The key to this
technique is the ability to sample data at a pre-
set time. This 1ie accomplished by an optical
encoder wmounted on the rotor shaft. The
microsecond range square wave voltage signal from
the encoder serves as the time or data initiation

reference and triggers a high speed A-D mulii-
plexar system.

The time—-varijant hot-wire probe and dynaamic
pr re transd T signals are analyzed to deter-
nine their periodic components by means of a digi-
tal ensemble averaging data analysis technique
based on the signal enhancement concept of Gos-
telow (13). This ensemble averaging is demon-
strated in Pigure 3, which shows a typical digi-
tized p d r signal for 1 rotor revo-
lution and averaged over 23, 50, 73, 100, and 200
rotor revolutions. Averaging significantly
reduces the random fluctuations superimposed on
the periodic sigmal, with the time-variant signals
essentially unchanged when averaged over 7?3 or
more rotor revolutions. Por the data to be
presented herein, 200 averages are used for both
the hot-wire and vane pressure transducer signals.

re tza

™he periocdic hot-wire probe and dynamic pres—
sure transducer signals are each then Pourier
decomposed into harmonics by means of a Fast
Pourier Transefors (PPT) algoritha. This Pourier
analysis determines the magnitude and phase of the
first harmonic of the vane inlet flow field, i.e.,
the asrodynamic forcing fuaction, and the result-
ing vane surface unsteady pressure distributions.

These are each referenced to the initiation of the
data acquisition. However, the hot-wire probe is
positioned upstream of the leading edge plane of
the vane row. Thus, it is necessary to time-—
relate the harmonic vane row inlet flow field to
the resulting uneteady vane surface pressures.

As was depicted 1n Pigure 1, the rotor blade
wake velocity deficit creates a fluctuating velo-
City vector in the absoclute frame of reference of
the vane row which is measured with the crossed
hot-wire probe. These hot-wire data are analyzed
to determine the harmonic fluctuating vane inlet
flow angle and velocity, in particular, the fluc-
tuating velocity components parallel and normal to
the vane, u+ and v+, which define the vane row
aerodynamic forcing function.

The hot-wire probe is positioned upstream of
the leading edge of the stator vane row. To
relate time based events measured by this hot-wire
probe to the resulting unsteady pressures on the
vane surfaces, the following assumptions are made:
(1) the wakes are identical at the hot-wire and
the vau: leading edge planes; and (2) the wakes
are fii ] in the rotor relative reference frame.
The rotcr blade spacing, the vane spacing, and the
axial spicing between the vane leading edge plane
and the probe centerline are known.

At a steady -operating point, the hot-wire
data are analyzed to determine the absolute flow
angle and the rotor exit relative flow anqle.
Using the above two assumptions, the wake is
located relative to the hot-wire probe and the
leading edges of the instrumented vane. Proa
this, the times at which the wakes are present at
various locations are determined. The incremented
times between occurrences at the hot-wire and the
vane leading edge plane are then related to phass
differences between velocities and the vane sur-
face.

To simplify the experiment-theory correla-
tion, the (first harwonic data are adjusted in
phase such that the transverse inlet velocity com—
ponent is at zero degrees at the vane suction sur-
face leading edge. Prom the geometry, the time at
which this would occur 1s calculated and tran-
sposed into a phase difference which is then used
to adjust the pressure data from the suction sur-
face. An analogous procedure is utilized for the
pressure surface data so that the two instrumented
stator vanes are time related. The pressure
difference across the chordline of an equivalent
single vane is then determined by the subtraction
of these complex t:ime-related vane pressure and
suction surface data.

The final form of the unsteady pressure data
describes the chordwise variation of the first
harmonic pressure difference across the chordline
of a stator vane and is presented as a complex
dynamic pressure coefficient, Cp, in the format of
the magnitude and the phase lag referenced to a
transverse gust at the airfoil leading edge. As a
raference, also presanted with these complex

dynamic pressure coefficient data are predictions
obtained from a periodic small perturbation model
which considers the inviscid, irrotational flow of
Thie model analyzes
flow past a
plate airfoil cascade, with

a perfect gas, reference 2.
the uniform subsonic compressidle
two~-dimensional (lat
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small unsteady normal velocity perturbations
superimposed and convected downstream.

RESULTS

A series of experiments on the 60% speedline
of the coapressor are performed to determine and
quantify the effects of steady loading and the
detailed aerodynamic forcing function, including
the effects of both the parallel and normal gust
components, on the resulting airfoil row unsteady
asrodynamics. The variation in the forcing func-
tion is accomplished by altering the setting angle
of the row of inlet guide vanes, as schematically
depicted in Pigure 4, which changes the rotor flow
field. In particular, a change in the inlet guide
vane setting angle alters the rotor exit flow
field, {.e. it changes the aerodynamic forcing
function to the downstream first stage vane row,
including the parallel and normal gust components,
ud and v+.

At each steady-state operating point, an
averaged time-variant data set consisting of the
hot-wize and dynamic presaure transducer signals
digitized at a rate of 200 kHz is obtained. This
sanple rate allows approximately 91 points between
sach rotor blade at the design rotational speed.

VANE LOADING EPPECTS

Ron-Constant Forcing Punctions

The affect of the steady airfoil aerodynamic
loading distribution on the vane rxow unsteady
asrodynamics including the influence of the
detailed aerodynamic forcing function, baoth the
parallel and norsal aerodynamic forcing function
components, is considered first. Por two particu-
lar inlet guide vane settings, the stator row
inlet flow field 1is shown in Piguze 5, with Lhe
corresponding parallel and normal inlet velocity
components shown in Pigure 6. Por these two con-
figurations, the ratios of the maximum amplitude
of the parallel component to that of the normal
component are approximately 0.5 and 0.7. Also, it
is 4nteresting to note that these inlet velocity
components are not small as compared to the ({ree-
stream velocity, having ratios on the order of
0.4~0.6 and 0.2-0.4 for the normal and parallel
components, respectively.

The steady-state vane surface static preasure
distributions are presented in Pigure 7. The suc-
tion surface distributions are nearly identical
except near the leading and trailing edge regions,
with larger differences apparent on the vane pres-
sure sucface. Also, these configurations
corxespond to a high level of vane aerodynamic
loading, with the Jane incidence angles nearly the
sass, 5.7 and 5.8,

Pigure § presents the data describing the
chordwise distributions of the first harmonic cowm—
Plex dynamic pressure coefficient. Por these {(wo
cases, Dboth the magnitudes and the phase lags of
these dynamic pressure coefficient data vary over
the vane chord, with the magnitude data exhibiting
somevhat larger differences. Also, as will be
further discussed, the high level of aerodynamic
loading on the vanes results in the differences
Detween Lhese data and the prediction.

a by Wy
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There are two potential mechanisms which
cause the above noted variations in the complex
dynamic pressure coefficient: (1) the steady aero—
dynamic loading on the vane; and (2) the differ-
ences in the vane row aerodynamic forcing func-
tion. These are individually investigated in the
following.

Conatant Porcing Punctions

The effect of the steady airfoil aerodynamic
loading distribution on the vane row unsteady
aerodynamics for the same aerodynamic forcing
function is now considered. A third inlet gquide
vane setting was established such that the paral-
lel and normal inlet velocity components are
nearly identical with one previously investigated.
Pigure 9 shows that for these two configurations,
there are only minimal variations in the time-
variant aerodynamic forcing function to the vane
row, with the first harmonics of these components
being nearly identical.

The vane row is highly loaded aerocdynamically
for these two configurations, with small differ-
ences in the vane surface static pressure distri-
butions associated with these two configurations,
Pigure 10. The suction surface distributions are
nearly identical, with differences appareat in the
leading and trailing edqe regions. The pressuze
surface diatributions exhibit differences near the
leading edge and aft of the quarter chord. Also,
these configurations have only small differences
in the vane incidence angle, 5.1 for one confi-~
guration and 5.7 for the other.

The chordwise distributions of the first har-
monic complex dynamic pressure coefficient data
are shown in Pigure 11. Por these two configura-
tions and steady loading distributions, the
dynamic pressure coefficient magnitude data differ
near the leading edge and aft of quarter chord,
with only a minimal effect on the phass lag data
near the leading edge. These differences .ia ti'e
data correspond to the differences previously
noted in the vane surface static pressure distri-
butions, i.e., near the leading edge and aft of
quarter chord. As the first harmonic serodynaaic
forcing functions generating these distributions
are nearly identical, these differences in the
dynamic pressure coefficient data are attributed
Lo steady vane aerodynamic loading effects.

A comparison of the variation of these
dynamic pressure coefficient magnitude data with
steady loading and & constant forcing function,
Pigure 11, and the corresponding data differences
previously found with steady loading and a non-
constant forcing function, Pigure 0, reveals that
the magnitude data differences for these two cases
are not analogous to one another. Thus, it can be
concluded that whereas steady loading affects only
the wmagnitude of the complex dynamic pressure
coefficient, the detailed aerodynamic forcing
function, in particular, the ratios of the waximum
amplitudes of the parallel and normal componants
of the aerodynamic forcing function, affects both
the magnitude and the phase lag of the dynamic
pressure coefficient.

EPFECT OP PORCING PUNCTION PARALLFL COMPONENT

To determine the relative effects of the two
components of the ¢time-variant inlet velocity
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field on the resulting vane row unsteady aero-
dynamics, two new inlet guide vane settings were
established such that the parallel cosponents of
the aerodynamic forcing function were different
wvhile the normal components were nearly the same,
Pigure 12. Por these two configurations, the
asrodynamic loading level is low, with only
incidence angle differences, -0.3° and -4.98°. The
corresponding asteady-state vane surface static
pressurs distributions are presented in Pigure 13.
The pressurs surface distributions are nearly
identical, with only very small differences noted
on the vane suction surface.

small

Pigure 14 shows the chordwise distributjions
of the first harmonic complex dynasic pressure
coefficient data. The magnitude data are almost
identical, with differences existing in the phase
lag data. Presvious results determined that for a
constant aerodynamic forcing function, steady vane
loading differences primarily resulted in Jdiffer-
ences in the magnitude data of the dynamic pres-
suxe coefficient. Hence, these differences in
only the dynamic pressure coefficient phase lag
data, are attributable to the differences in tle
Lime variant inlet flow field, in this particular
case, Lhe parallel component of the aerodynamic
forcing function. Thus, the parallel component of
the aerodynamic forcing function only has an
effect on the Adynamic pressure coefficient phase
lag and has no effect on its magnitude.

PREDICTION-DATA CORRELATION

The correlation of the complex dynamic pres-
sure coefficient data with the flat plate predic-
tions, presented in Pigures 9§, 11, and 14, are
also of interest. With regard to the correlation
of the phase lag, relatively good correlation is
evident for all cases. However, this is not true
for the correlation of the magnitude of the
dynamic pressure coefficient.

By far, the best correlation of the dynamic
pressure coefficient dJdata and the corro-ponding
prediction is obtained for the -4.8 and -4.3
incidence angle cases, Pigure 14, with good corre-
lation apparent over the aft 758 of the vane
chord. These correlation results are associated
with the steady vane aerodynamic loading. Namely,
the prediction is for an unloadcg flat plate air-
foil cascade. The -4.0 and -4.3 incidence angle
data have a much lower level of aerodynamic load-
ing than the other cases, as determined by a com-
parison of Pigures 7, 10, and 13. Also. for the
low loading cases, the good correlation over the
aft 75% vane chord and poor correlation over the
front 258 corresponds to the steady aerodynamic
loading distributions on the vane surface, Pigure
13,

To verify this effect of steady loading on
the correlations, the vane row was re-staggered
and a compressor operating point established such
that there was a significantly lower level of vane
steady loading, characterized by an incidence
angle of -l.6°. The resulting excelleat
corxelation of the dynamic pressure coefficient
data with the prediction for this minimal loading

condition is shown in Pigure 1S. Thus, the level
of the »steady aerocdynamic loading, not tLhe
incidence angle, 1s a’'key parameter for correla-

tion with flat plate cascade mathesatical models.

OnCA)

vane °

h

SUMMARY AND CONCLUSIONS
A series of experiments was performed to
investigate and quantify the effects of steady

airfoil loading and the detailed aerodynamic forc-
ing function on airfoil row unsteady aerodynamics
at high reduced frequency values. Por the first
time, Dboth parallel and normal gust components of
the forcing function are conasidered. This was
accomplished by the acquisition and analysis of
unique data which describe the unsteady aerodynam—
ics of the first stage vane row of a research
compressor over a range of steady operating condi-
tions.

The exit flow field from the
the forcing function

rotor defines
to the downstream stator
vanes, with this aerodynamic forcing function
defined by the velocity components parallel and
normal to the vane chord. The variations in this
forcing function were accomplished by changing the
inlet guide vane setting angle to alter the rotor
exit flow field.

Data defining tl.e effect of steady vane aero—
dynamic loading with non-constant aerodynamic
forcing tunction components on the vane row
unsteady aerodynamics were analyzed. These data
demonstrated that the ratios of the maximum ampli-
tude of the parallel component of the aerodynamic
forcing function to that of the normal coaponent
affect both the magnitude and the phase lag of the
resulting complex dynamic pressure coefficient.

The effect of steady airfoil aerodynamic
loading on the vane row unsteady aerodynamics with
a constant aerodynamic forcing function was then
considered. The resulting dJdata determined that
steady aerodynamic loading affects the magnitude
of the complex dynamic pressure coefficient, but
not the aerodynamic phase lag.

The relative effects of the two camponents of
the time-variant inlet velocity field on the
resulting vane rovw unsteady aerodynamics were also
investigated. The parallel component of the
aerodynasic forcing function was found to affect
only the phase lag of the dynamicC pressure coeff{1-
cient and not the magnitude.

The correlation of the complex dynamic pres-
coefficient data with the flat plate predic-
tions was also considered. Good correlation of
the phase lag is evident for all cases. However,
the level and chordwise distribution of the steady
aerodynamic loading, not the incidence angle, were

sure

shown to be the key parameters to obtain good
correlation with flat plate airfoil cascade
mathematical models.
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VANE ROW AERODYNAMIC FORCING FUNCTION

Figure 4, Schematic of inlet guide vane
setting angle indexing
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Unsteady Aerodynamic
Interactions in a Multistage

V. R. Capece
S. Fleeter

Thermal Srirnres and Prapulsion Center,
School o Mechanical Enginenring.
Purdye University,

West Lalayette IN 47907

Compressor

The fundamental flow physics of multistage hlade row interactions is experimentally
investigated, with unique data ohtained which quaniify the unsteady harmonic
acrodynamic interaction phenomena. In particular, a series of experiments is per-
Jormed in a three-stage axial flow research compressor over a range of operating and

geometric conditions at high reduced frequency values. The multistage unsteady in-
teraction effects of the following on each of the three vane rows are investigated:
(1) the steady vane acrodynamic loading, (2) the waveform of the aerodynamic
forcing function to cach rane row, including hoth the chordwise and traverse gust

companenis.

Introduction

Fan, compressor, and tarbine aicfoils are susceptible (o
destructive acrodynamically induced  vibrational responses
when a periodic acrodynamic excitation source with a frequen-
cv equal to an aitfoil natural frequency acts on an airfoil row.,
With the resonant airfnil freqencies accurately predicted with
finite clement structtiral models, Campbell dingrams are uti-
lizerdd to determine the totor speed at which the airfoil row
may be susceptible to significant acrodynamically induced
vibrational response. flowever, accurate predictions for the
amplitude of the resulting vibration and stress cannot be made
duc to the inadequacics cxisting in current state-of-the art
unsteady acrodynamics maodels for both the aerodynamic
forcing function and the re<ulting airfoil row unsteady
acrodynamics.

The most common acrodynamic excitation sources are the
wakes shed by up<tream blade or vane rows. I'or example, in
the single compressor stage schematically depicted in Fig. 1,
the wakes from the upstream rotor are the primary source of
the unsteady acrodynamics on the downstream <tator vanes,
i.c., the exit flow licld from the upsticam rotor defines the
unsicady acrodynamic forcing function to the downstream
stator vanes. This acrodynamic forcing function is defined by
the vclocity components patallel and normal to the vane
chord, ' and ¢, respectively.,

First principles predictive techniques for acrodynamically
induced airfoil response requite a definition of the unsteady
forcing function in terms of its harmonics. The petiodic
response of the airfoil row to each harmaonic is assumed (0 be
comprised of Iwo compaonents, One ic due to the chordwise
and nosmal components of the harmonic forcing function he-
ing swept past the nonresponding airfoil row, termed the
transverse (normal) and chordwise (parallel) gust responses,

Mrcnantcar Enennrers and precenied at the 2nd Intcrnmtional Gas Trrbine
Conference and Exhibit, Anaheim, California, May V1. June 4, 1987

Mamuscript received at ASMF [Headaquattere Tebruary 17, 1987 Paper No.
R1.G170,

respectively. The  second, the self-induced unsteady
acrodynamics, arises when the airfoil row responds to the
acrodynamic forcing function.

Gust and sclf-induced unsteady aerodynamic models have
heen and continue to be developed [1-7]. These models are in-
viscid, considering small unsteady perturbations superim-
poscd on a steady throughNow. There are many analytical and
physical assumptions inherent in these mathematical models.
Unfortunately, at (he high reduced frequency values
characteristic of turbomachinery, only a very limited quantity
of appropriate fundamental unsteady aerodynamic data exists
to verify these models. Data have been obtained in single
stages of low-speed research compressors. In experiments
which considered only transverse gust aerodynamics, the ef-
fects of airfoil camber and rotor-stator axial spacing were in-
vestigated, with the data demonstrating that the waveform of
the acrodynamic forcing function has an important influence
on the unsteady aerodynamic gust response of the airfoil row
IR, 9]. In [10], the significant effects of steady airfoil ioading
and the detailed acrodynamic forcing function transverse gust
component on the unsteady aerodynamic response of an air-
foil tow were investigated.

Tlowever, the significant effects associated with multistage
How field interactions have not been experimentally (or
mathematically) considered. For example, in the single stage
depicted in Fig. |, the wakes from the upstream rotor bhlades
define the unsteady aerodynamic forcing function to the
downstream stator vanes, with this forcing function defined
hy the velocity components parallel and normal to the vane
chord. However, in a multistage turbomachine, the
acrodynamic forcing function to a downstream vane row is
dectermined by all of the upstream airfoil wakes and the
unsteady aerodynamic interactions between the various
upstream blade and vane rows.

In this paper, the fundamental flow physics of multistage
blade row interactions are experimentally investigated for the
first time, with unique data obtained to describe the fun-
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Fig. t Schematic of single-stage compressor flow field

damental unsteady aerodynamic interaction phenomena. in
particular, a serics of experiments is performed which utilize
the versatility of the Purdue University Three-Stage Axial
Flow Rescarch Compressor 1o investigate the multistage
unsteady interaction effects of the following on each of the
three individual vane rows: (1) the steady vane acrodynamic
loading, and (2) the waveform of the aerodynamic forcing
function to each vane row, including both the chordwise and
transverse gust components.

Research Compressor

The Purdue University Axial Flow Research Compressor
experimentally modcls the fundamental turbomachine
unsteady aerodynamic multistage interaction phenomena in-
cluding the incidence angle, the velocity and pressure varia-
tions, the acrodynamic foicing function waveforms, the
reduced frequency, and the unsteady blade row interactions.
The compressor is driven by a 15 hp d-c electric motor over a
speed range of 300 to 3000 rpm. Each of the three identical
stages contains 43 rotor blades and 41 stator vanes having a
British C4 airfoil profile, with the first stage rotor inlet flow
field established by a row of variable setting angle injet gnide
vanes.

Instrumentation

Both steady and unsicady data are required to quantify the
acrodynamics of each of the three vane rows. The steady data
specify the overall compressor operating point and the de-
tailed vane surface steady loading. The unsteady data define
the time-variant acrodynamic inlet flow ficld to each vane
row, i.e., the individual vane row aerodynamic forcing func-
tion, as well as the resulting vane surface unstcady pressure
distributions.

Conventional steady instrumentation is used to determine
the flow properties throughout the compressor. The steady
acrodynamic loading on the surfaces of the vanes is measurcd

with chordwise distributions of midspan surface static
presswie taps.

The unsteady acrodynamic intet flow field to each vane row
is measured with a cross hot-wire probe positioned midway
between each rotor and stator at midstator circumferential
spacing. The probe is calibrated and linearized to 60 m/s and
+ 35 deg angular variation, with the accuracy of the velocity
magnitude and angle of £4 percent and £ 2 deg, respectively.
The mean absolute How angle is determined by rotating the
prube until a zero voltage difference between the two lincar-
ized hot-wire signals is obtained. This mean angle is subse-
quently used as a reference for the calculation of the instan-
taneous absolute and relative flow angles.

The measurement of the midspan vane surface unsteady
pressures is accomplished with ulirgminiature high response
teansducers. To minimize the potential of flow disturbances
generated by the transducers, the transducers are embedded in
the vanes from the backside and connected to the measure-
ment surlace by a static tap. These dynamically instraumented
vaties are positioned such that a complete flow passage is in-
steumiented in cach vane row,

The embedded dynamic transducers are statically and
dynamically calibrated. The static calibrations show good
lincarity and no discernible hysteresis. The dynamic calibra-
tions demonstrate that the frequency response, in terms of
gain attenvation and phase shift, is not affected by the
transducer mounting. The accuracy of the unsteady pressure

mcasurements, determined from the calibrations, is +3.5
percent.

Unsteady Data Acquisition and Analysis

The unsteady data of interest are periodic, being generated
at rotor blade passing [requency. Thus, a digital enscible-
averaging technique based on the signal enhancement concept
of Gostelow [11] is used for the data analysis. The key to this
technique is the ability to sample data at a preset time. This is
accomplished by an optical encoder mounted on the rotor
shaft. The microsecond range square wave voltage signal from
the encoder is the data initiation tiine reference and triggers a
high speed A-D multiplexer systemn. This averaging
significantly reduces the random fuctuations superimposed
on the periodic signals, with the unsteady signals essentially
unchanged when averaged over 75 or more rotor revolutions.
For the data presented herein, 200 averages are used.

The resuliing ensemble-averaged digital periodic hot-wire
and dynamic pressure transducer signals are cach Fourier
decomposed into harmonics by means of a Tast Fourier
Transform (EF T) algorithin. This Fourier analysis determines
the magnitude and the phase of the fisst hanmonic of both the
inlet flow ficld to cach vane row, i.e., the aerodynamic forcing
function, and the resulting vane surface unsteady pressures.
These are each referenced (o the initiation of the data acquisi-
tion. However, the hot-wire probe is positioned upstream of
the leading edge plane ol the vane row. Thus, it is necessary to
time aclate the hatmonic vane row inlet flow ficld to the
resulting unstcady vane surface pressures.

Nomenclature
¢ = airfoil chord i = incidence angle
C, = steady lift coelficient = 1.7 = steady hift per unit span = Ap = dynamic pressure difference
L' /YpU}c ‘ across vane chordline
C, = dynamic pressurc coeflicient S (p, - p)dx w' = inlet velocity parallel to vane
= ap/pV,v' ! U, = rotor blade tip speed
¢, = static pressure coeflicient = P = stator vane sutlface static v' = inlet velocity normal to vane
P = Pon)/ MU} pressue V = absolute velocity
k = reduced frequency = Pewn sLitor vane row exit static V', = absolute axial velocity
w/2V, pressuse w = blade passing fiequency
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The hot-wire data are analyzed to determine the harmonic
unsteady inlet flow angle and velocity to each vane row, in
particular, the unsteady velocity components parailel and nor-
mal to each vane row, #* and v' of Fig. |, which deline the
unsteady forcing function. The hot-wire probe is positioned
upstream of the leading edge of each stator vane row. To
relate time-based events measured by the hot-wire probe to the
resulting unsteady pressures on the vane surfaces, the follow-
ing acsumptions are made: (1) the wakes are identical at the
hot-wire and the vane leading edge plances; (2) the wakes are
fixed in the rotor relative reference frame. The rotor blade
spacing, the vane spacing, and the axial spacing between the
vane leading edge plane and the probe centerline are known.

At a steady operating point for each vane row, the hot-wire
data are analyzed to determine the ahsolite flow angle and the
upstream rotor exit relative flow angle. Using the above two
assumptions, the wake is located relative to the hot-wire probe
and the leading cdges of the instnnnented vanes. From this,
the times at which the wakes are present at various locations
are determined. The incremented times hetween aoccurrences at
the hot-wire and the vanc leading edge plane are then con-
verted to phase differences between velocities and the vane
surface.

To simplify the experiment -theory correlation, the first har-
monic data for each vane row aire adjusted in phase such that
the transverse inlet velocity component is at O deg at the vane
suction surface leading cdge. From the geometry, the time at
which this would occur is calculated and transposed into a
phase difference which is then used to adjust the pressure data
from the suction surface. An analogous procedure is utilized
for the pressure surface data <o that the two instrumented
stator vanes in cach vanc row are time related. The pressure
difference across the choidline of an cquivalent single vane in
cach row is then determined by the subtraction of these com-
plex time-related vane pressure and sonction surface data.

The final form of the unsteady pressure data defines the
chotdwice variation of the first harmonic pressure difference
across the chordline of a stator vane and is presented as a com-
plex dynamic pressure cocfficient ¢, in the format of the
magnitude and the phase lag refercnced (o a transverse gust at
the vane leading edge. As a reference, also presented are pre-
dictions obtained from a periadic small perturbation model
which considers the inviscid, irrotational flow of a perfect gas
[2]. This model analyres the uniform subsonic compressible
flow past a two-dimensional flat plate airfoil cascade, with
small unsteady normal velocity perturbations superimposed
and convected downsticam.

Resul(s

T'o investigate the rotor wake generated gust aerodynamics
on cach vane row of a three stage axial flow research com-
pressor, including the muitistage interactions, a scries of ex-
periments were performed. In these, the effects of the follow-
ing on the unsteady aerodynamics of each vane row were
quantified: (1) the steady acrodynamic loading; (2) the de-
tailed wareform of the acrodynamic forcing function, in-
cluding the chordwise and transverse gust components.

The variations in the steady loading of each vane row were
accomplished by adjusting the setting angles of the stators,
therehy altering the incidence angle to the vance. This enables
both the aetodynamic forcing function waveform to be main-
taincd while varying the steady acrodynamic loading, and also
the matching of the steady vane acrodynamic loading for dil-
ferent acrodynamic forcing lunctions. The detailed steady
acrodynamic loading of the vane rows is specified by the
chordwise distribution of the vane <urface &te'ldy static
pressure cocfficient (' with the overall loading level given by
the incidence angle aml the steady lift cocflicient €.

1he detailed waveform of the acrodynamic forcing function
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Fig. 2 Schematic ol compressor geomelry variations to slter the
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is specified by the chordwise and transverse gust components,
' and v'. These were experimentally varied as follows.
Changing the setting angle of the inlet guide vanes alters the
inlet Mow to the first stage rotor. This results in a change in the
detailed rotor blade exit flow field, in particular the chordwise
and transverse gust components. Thus, the variations in the
acrodynamic forcing function to the first-stage vane row were
accomplished by altering the setting angle of the inlet guide
vancs, as schematically depicted in Fig. 2. The forcing func-
tion waveform variations for the second and third-stage vane
rows were accomplished by independently circumferentiaily
indexing the upstream vane rows relative to one another, as
also depicted in Fig. 2. In these cases, the steady acrodynamic
loading of the vane row was maintained constant.

First-Stage Vane Row Experiments

Vane Loading Fffects. Figures 3 and 4 present the steady
vane surface static pressure distributions and the aerodynamic
forcing function in the form of the two gust components,
respectively, for two relatively low levels of acrodynamic
loading. The surface static pressure distributions are smooth
and show no indication of flow separation, with the loading
dilferences in the feading edge region due to the differences in
the incidence angles. The amplitudes of the chordwise and
transverse gust components are different. However, in terms
of the first harmonics, these two forcing functions are
equivalent. In particular, the ratios of the magnitudes of the
first harmonic of these gust components (11’ /v*) are 0.447
and 0.430 for these two vane loadings. Also, it should be
noted that relative to the absolute velocity, these gusts are not
small, particularly at -4.7 deg of incidence where the
transverse and chordwise gusts are approximately S0 and 20
percent of the absolute velocity. This may have implications
regarding the validity of the small perturbation assumption in
the various mathematical models.

The resuiting chordwise distributions of the dynamic
pressure difference coefflicient on the first-stage vanes are
shown in Fig. 5. Alco presented are the predictions from the
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Fig. 4 Aerodynamic forcing function to the first-sisge vane row at low
loading levels

flat plate airfoil cascade transverse gust model of {2]. The
magnitude data exhibit good correlation with the prediction,
with both decreasing with increasing chordwise position, As
the loading is increased, the magnitude data show an increase
above both the prediction and the lower loading data aft of 60
percent chord. The phase of the dynamic pressure difference
coefficient data exhibits a somewhat different chordwise
distribution than the prediction. This is attributed 10 the vane
camber and the detailed stecady chordwise loading distribution
on the vane surfaces.

The effects of higher levels of steady aerodynamic loading
(Fig. 6) on the first-stage vane row unsteady acrodynamics,
with the ¥* and v* gust components maintained relatively
constant, were also investigated. At these higher loadiugs, the
suction surface distributions are nearly identical over the aft
part of the vane, with the differences in the front part of the
vane due to the differences in the incidence aungles. On the
pressure surface, larger variations between the two loading
conditions are apparent over the entire vane chord. Again,
there is no evidence of flow separation.

The dynamic pressure difference coefficient data for this
higher loading case are presented in Fig. 7. A comparison of
these high loading data with the corresponding lower loading
data of Fig. § reveals large differences. As the actodynamic
forcing (unctions are the same, acrodynamic loading has a
significant effect on the unsteady aerodynamics of the vane
row. Increasing the acrodynamic loading results in poorer cor-
relation of the dynamic pressure difference coceflicient
magnitude data with the flat plate cascade prediction, as ex-
pected. Also, as the loading is increased, the magnitude data
in the trailing edge region of the airfoil are increased in value.
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As will be shown, the data on the third-stage vane row, the last
airfoil row in the compressor, for similar stcady loading dov
not exhibit this increase in the magnitude data in the trailing
cdge region. Hence, this is most probably a multistage blade
1ow interaction effect.

Thus, the best cortelation of the dynamic pressure dil-
ference coelficient data and the Nat plate cascade predictions
is obtained at the low level of steady acrodynamic loading, in-
dicating that the steady toading, not the incidence angle, is a
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Fig. 10 Varistlon of the first stage vane dynamic pressure difference
coelficient with transverse gust aerodynamic lorcing lunction

key parameter. Also, the steady loading level and distribution
have a significant effect on the unsteady acrodynamics of the
vane row,

Aerodynamic Forcing Function Fffects. The effecte of
variations in the aerodynamic forcing function transverse gust
component v* on the first-stage vane row unsteady
acrodynamics are investigated. This is accomplished by means
of two configurations such that the chordwise gust component
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Fig. 12 Eflect of the chordwise gust serodynamic forcing function on
the first-stage vane surface static pressure coelficient

t', and the steady acrodynamic loadings are maintained
refatively constant. Figure 8 shows these aerodynamic forcing
functions, with the ratios of the gust components (u* /v* ) be-
ing (1.447 and 0.630. The chordwise distributions of the steady
vane surface static pressure at this moderate loading for these
forcing Tunctions are presented in Fig. 9.

The resulting first stage vane chordwise distributions of the
dynamic pressure difference coefficient data and the cor-
responding flat plate cascade prediction are presented in Fig.
10. The magnitude dara are decreased in value relative to the
prediction over the leading 30 percent of the vane, with the
(' /v* ) data of 0.630 having a decreased amplitude relative
to the (' /v') data of 0.447, However, in the midchord
region, the magnitude data correlate well with each other and
with the prediction. Aft of 70 percent of the chord, the
magnitude data are increased in value at this moderate level of
steady loading, analogous to the previous high steady loading
results. The phase data are increased with respect to the
prediction over the front part of the vane, becoming nearly
constant over the aft half of the vane.

The effects of variations in the aerodynamic forcing func-
tion chordwise gust component 12* on the first stage vane row
unsteady aerodynamics are also investigated. This is ac-
compliched by means of two configurations such that the
transverse gust component v*, and the steady aerodynamic
toading are maintained relatively constant. The aerodynamic
forcing functions are shown in Fig. 11, with the ratios of the
gust components (' /v ) being 0.299 and 0.611. The chord-
wise distributions of the steady vane surface static pressures at
this high loading are presented in Fig. 12.

The resulting chordwise distributions of the dynamic
pressure difference coefficient data and the corresponding ftat
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Fig. 18 Second stage vane serodynamic lorcing funciion variation due
to the indexing of the lirst-stage stators sl moderaie loading
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plate cascade prediction are prescnted in Fig. 13. The
magnitude data both exhibit analogous trends, decreasing
over the front part of the vane chord and increasing over the
aft part of the vane, analogous to the high and modcrate
loading cases previously considered. There is good correlaton
with the prediction over the front half of the vane for a
(u' 7v' ) 0f0.299, with the corresponding data fora (u'’ /v )
of 0.611 somewhat decreased in value but exhibiting the same
trends. The phase data for a (u' /v’ ) value of 0.299 show
trends similar to those obtained with a different aerodynamic
forcing function but an analogous high level of acrodynamic
loading (Fig. 7).

Thus, the transverse gust component of the aerodynamic
forcing function has a larger c¢ffect on the phase of the
dynantic pressure difference coetficient than either the steady
loading or the chordwise gust component. However, both the
chordwise and the transverse gust components, and the steady
acrodynamic loading, intluence the magnitude of the dynamic
pressure difference coefficient.

Aft-Stage Vane Row Experiments

To investigate the afl-stage unsteady blade row interactions
at a fixed operating point, the upstream stators are indexed
circumferentially relative to the downstream instrumented
vane rows, as previously noted and depicted in Fig. 2. Figure
14 presents the surface static pressure distributions on the
downsireamn vane rows with the upstream stators indexed cir-
cumferentially 0, 25, 50, and 75 percent. The surface static
pressure distributions are seen to be nearly independent of the
circumferential indexing of the upstream stators, with only
small variations apparent near the leading edge. Also, there is
no evidence of flow separation,

Unsteady Acrodynamics—Adjacent Vane Row Index-
jng. The effect of indexing circumflerentially (1) the first-
stage stators on the second-stage vane row unsteady
acrodynamics and (2) the second -stage stators on the third-
stage vane row unsteady acrodynamics are considered.

Indexing the first-stage stators has a significant effect on the
acrodynamic forcing function to the second-stage vane row,
Figure 15 shows that the forcing tunctions ditfer signilicantly
from one another and from the previously measured first-
stage vane row torcing tunctions. This variation in the second-
stage vane row torcing lunction at a single operating point is a
multistage blade row interaction effect, with the second-stage
rotor wake being modulated by the wakes from the upstream
inlet guide vancs and the first stage rotor blades and stator
vanes. Also, this indexing is scen to have a larger elfect on the
amplitude of the chordwise gust than on the transverse gust,
indicated by the wide range of values of the ratio(u* ., v').

The resulting chordwise distributions ol the unsicady
pressure aifference coetficient on the sccond-stage vane row
are presented in Fig. 16. At this moderate level of steady
acrodynamic loading, the effects of circumferential indexing
on the magnitude data are primarily found over the front 25
pereent of the vane, with these magnitude data coalescing over
the aft 78 pereent of the chord. In contrast, the indexing af-
feets the phase data over the complete vane chotd. Also, the
magnitude and phase data exhibit trends analogous to the
previously presented dirst-stage vane row results, with the
magnitude data decreased over the front pact of the vane and
increased over the aft part relative 10 the prediction. As the
steady acrodynamic loading is independent of the indexing of
the first stage stators, these effects are attributed to the dif-
ferences in the chordwise and transverse gust compotients with
indexing.

The eflects ot steady toading level and circumferendial in-
dexing of the tirst-stage stators are investigated by establishing
a pew compressor operating point. Figuee 17 shows the effect
of this indexing on the acrodynamic torcing function to the
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Fig. 17 Second stege vane serodynamic forcing function varlation due
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sccond-stage vane row at this high loading condition. The in-
dexing primarily influences the chotdwise gust component,
analogous to the lower loading case. Comparing the forcing
functions at the two loading levels (Fips. 1S and 17) indicates
that the compressor operating point has an effect on the fore-
ing lunction,

the resulting chordwise distributions of the unsteady
pressure difference cocfficient in the second-stage vane row
associated with these variations in the acrodynamic forcing
function at this high loading level are presented in Fig. 18. The
cffect of this indexing is evident in the magunitude data over the
front and aft part of the vane, not just the front as at the lower
loading level, with the phase data still affected over the com-
picte vane chord. Also, the magnitude data are decreased over
the front and increased over the aft part of the vane as com-
pared to the prediction. However, in the aft chord region, the
magnitude data for the 0 and 25 percent indexing differ from
that with %0 and 78 percent indexing. Namely, for 0 and 25
percent indexing, the magnitude data continue to increase as
the trailing edge is approached relative to the prediction
whereas the $0 and 75 percent indexing data decrease and cor-
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Fig. 18 Effect of firsi.stage stator indexing on second-stage vane
unsteady pressure difference coelficients at high loading

associated with the much smaller magnitudes of the chordwise
gust component, as the normal gusts are nearly the same for
all indexing positions. Again, the steady aerodynamic loading
is independent of the indexing of the first-stage stators. Thus,
these effects are attributed to the differences in the chordwise
and transverse gust components with indexing.

The cffect of indexing the second-stage stators on the
acrodynamic forcing function to the third-stage vane row and
the resulting chordwise distributions of the unsteady pressure
ditfcience coefficient on the third-stage vane row are
presented in Tigs. 19 and 20, respectively. The magnitudes of
the gust components indicated by the values of the (v /v*)
ratio are similar to those found for the second stage at the
same levet of steady foading (Figs. 17 and 19). However, the
acrodynamic forcing functions are different than those for the
sccond-<tage vane row at the same level of steady loading.
‘This results from the third-stage vane row forcing function be-
ing affected by all of the individual component blade rows in
the compressor, i.e., the wakes from the inlet guide vanes, the
first and second-stage rotor blades and stator vanes, and the
third-stage rotor blades.

The resulting third-stage vane row dynamic pressure dif-
ference coefficient data show that the forcing function varia-
tion with indexing affects the magnitude primarily over the
front part of the vane, with the phase alfected over the com-
plete vane chord, analogous to previous results. However,
these third-stage magnitude data differ from the analogous
sceond stage data at the same level of steady loading. In par-
ticular, the first and sccond-stage data increase relative to the
prediction in the vane trailing edge region, whereas these
third-stage data do not and, in fact, exhibit good correlation
with the prediction in this region. Since there are no airloils
downstream of the third-stage vane row to influence the
unsteady acrodynamics on the aft past of the vane, the in-
crease in the magnitude data relative to the prediction flor the
first and second-stage vane rows is a multistage interaction
effect.

Unsteady Aerodynamics—Upstream Row Indexing. To
complete this study, the effect of circumferentially indexing
the first-stage stators on the unsteady aerodynamics of the
third-stage vane row are considered. The chordwise and
transverse gust components defining the aerodynamic forcing
function to the third-stage vane row are presented in Fig. 21.
‘The indexing of the first.stage stators affects the third-stage

tone g Bunetion, with the primary effect being on the chord-
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Fig. 20 Eilfect ol second stage stator Indexing on third-stage vane
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The resulting third stage vane row chordwise distributions
of the unsteady pressuse difference coefficient are presented in
Fig. 22. Again, the effect of the forcing function variation
with indexing is evident in the phase data over the complele
vane chord, but primarily affccts the magnitude data over the
front part of the vane. Also, the trailing edge rcgion
magnitude data are in good agrecment with the prediction.

Summary and Conclusions

‘The rotor wake generated gust acrodynamics on cach vane
row of a three-stage axial flow rescarch compiessor, including
the multistage intcractions, were investigated by means of a
series of experiments. In these, the effects of the following on
the unsteady acrodynamics of each vanc row were guantificd:
(1) the steady aerodynamic loading: (2) the detailed waveform
of the acrodynaniic forcing function, including the chordwise
and transversc gust components.

The best correlation of the dynamic pressure dilference
coefficient data and the Aat plate predictions is obtained at a
low level of steady acrodynamic loading, indicating that the
steady loading, not the incidence angle, is a key parameier.

Journal of Turbomachinery

NORMA, v*7v
I

20 2%
TIME  (imsec)

vaesng o| 1| € | [ | T

—_— 0% 13°1029310013 (0095 {0132
5% 03°10294|0022 |00%a {022
0% 2 5°10299|0009{0097 | O93
% | 3%|ozmlona fom foie

O¢

8]

VANE ROw AERODYNAMIC FORCING FUNCTION

PARL__E.. .7

(8]

Fig. 21 Thisd-stage vane serodynamic forcing lunction variation due to
Indexing ol the firsi-stage stators

oy e id IO K LI
tsr Stoge
u % | 13°]o293[v1a7 |49

o Y ol s | uylozealozza l4e
LY .4 o e 25°10299{0093|50
= 2| 7e% | 33|o2ge|oize 31
s — THEORY
.
RS B
]
(33 [o]
-
g | "8°%agelae
w 0 25 50 78 100
w % CHORD
™Y
-3
w
§ 200¢-
8 5 0
w
£¥ o a

F g o w 8

w o B —9 D—
> 0
O a 8 .

(<] AV I
‘! 100) Hn —_—
P

Flg. 22 Effect of flrsl-slage siator indexing on the third stage vane
unsteady pressure dilference coefliclent

Also, the steady loading level and chordwise distribution have
a significant effect on the unsteady acrodynamics of the vane
row,

The transverse gust component ol the acrodynamic forcing
function has a larger effect on the phase of the dynamic
pressure difference coefficient than cither the steady foading
or the chordwise gust component. However, the steady
loading, and the chordwise and transverse gust components all
influence the magnitude of the dynamic pressure difference
coeflicient.

I he circumterential indexing ot the upstream stators has no
clicct on the steady acrodynamic loading of downsticam vane
rows. However, indexing ol the upstream vane rows does have
a significant effect on the downstream acrodynamic forcing
function and resulting chordwise pressure difference coetfi-
cient distributions, including the indexing of the first-stage
stators affecting the third-stage vane row. The primary effect
of the indexing is on the chordwise gust of the acrodynamic
forcing function.

Circumferential indexing affects the agnitude of the
dynamic pressure difference coeflicient data over the fiont
portion of the vane, with the phase data alfected over the
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compilete vane chord. The variations in the data as a function
of indexing are attributed to the differences in the gnst com-
ponents of the acrodynamic forcing function, primarily the
chordwise gust component, <ince the steady loading is
constant,

For moderate {evels of steady loading, the dvnamic pressure
difference coefficient magnitude data increase signilicantly
relative to the prediction in the trailing edge region on the first
and second-stage vanc rows. However, for the same steady
loading, the thitd stage vanc row data do not show this trend
and, in fact, conrelate quite well with the prediction. Since
there are no hlade rows downstream of the thind stage vane
row, this increase in the magnitude data relative to the predic-
tion for the tirst and sccond stage is a multistage blade row in-
teraction cffect.

fhe variations of the unsteady data with forcing function
wareform cannot be predicted by harmonic gust mocdels. This
is hecause the Torcing function waveforms and the resulting
unsteady pressure distributions have bheen Pourier decom-
poscd,with the firet harmonics of the unsteady data presented.
1hus, all of these first harmonic data are correlated with the
<ame prediction curve, i.c., the predictions from these har-
monic gnst models are identical for all of the forcing function
wavelorms.
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EXPERIMENTAL INVESTIGATION OF
MULTISTAGE INTERACTION GUST AERODYNAMICS

Vincent R. Capece® and Sanford Fleeter
Thermal Sciences and Propulsion Center
School of Mechanical Engineering
Purdue University
West Lafayette, Indiana 47907

ABSTRACT

The fundamental flow physics of multistage blade row
interactions are experimentally investigated at realistic
reduced frequency values. Unique data are obtained which
describe the fundamental unsteady aerodynamic interaction
phenomena on the stator vanes of a three stage axial flow
research compressor. In these experiments, the effect on
vane row unsteady aerodynamics of the following are
investigated and quantified: (1) steady vane aerodynamic
loading; (2) aerodynamic forcing function waveform,
including both the chordwise and transverse gust
components; (3) solidity; (4) potential interactions; and (5)
isolated airfoil steady flow separation.

NOMENCLATURE

C vane chord

- C - -

Cr  steady lift coefficient [° (5, p,)dx/% p UZC

C, first harmonic dynamic pressure coefficient
Aﬁ/ pVy v

E, static pressure coefficient, (p — Poyit)/ % p UL

i incidence angle

k reduced frequency, wC/2V,

) stator surface atatic pressure

Pait Stator exit static pressure
Ap first harmonic dynamic pressure difference

ot instantaneous chordwise gust component
4t first barmonic chordwise gust

U, blade tip speed

vt instantaneous transverse gust component
L Ad first harmonic transverse gust

vy absolute axial velocity
o solidity
w blade passing frequency

*Currently at Pratt & Whitney Engineering Division South

INTRODUCTION

Airfoil rows of advanced gas turbine engines are
susceptible to destructive aerodynamically induced
vibrational responses, with upstream blade and vane wakes
the most common excitation source. For example, in the
single stage compressor flow field schematically depicted in
Figure 1, the rotor wake velocity deficits appear as a
temporally varying excitation source to a coordinate system
fixed to the downstream stator vanes, i.e., the rotor blade
wakes are the forcing function to the downstream stator
vanes. Also as shown, the reduction of the rotor relative
velocity causes a decrease in the absolute velocity and
increases the incidence to the stator vanes. This produces a
fluctuating aerodynamic lift and moment on the vanes
which can result in high vibratory stress and high cycle
fatigue failure.

First principle forced response predictive techniques
require a definition of the unsteady forcing function in
terms of barmonics. The total response of the airfoil to
each harmonic is then assumed to be comprised of two
parts. One is due to the disturbance being swept past
nonresponding airfoils. The second arises when the airfoils
respond to the forcing function. A gust analysis predicts
the unsteady aerodynamics of the nonresponding airfoils,
with an harmonically oscillating airfoil analysis used to

predict the  additional motion-induced unsteady
aerodynamics.
Both gust and bharmonically oscillating unsteady

aserodynamic models are being developed, references 1
through 5, for example. Within these models are many
numerical, analytical, and physical assumptions.
Unfortunately, there are only a limited quantity of high
reduced frequency data appropriate for model verification
and direction.

Carta and St. Hilaire [6] and Carta [7], measured the
surface chordwise unsteady pressure distribution on an
harmonically oscillating cascade in a linear wind tunnel.
This work was extended by Hardin, Carta, and Verdon 8]
to an isolated rotor with oscillating blades. In addition,
inlet distortion generated gust response unsteady
aerodynamics were also studied. Although the interblade
phase angles in these experiments were within the range
found in turbomachines, the reduced frequencies, less than
0.4, were low for forced response unsteady aerodynamics
found in the mid and aft stages of multistage
turbomachines where the reduced frequency is typically
greater than 2.0 In references 9, 10, and 11, the effects of
airfoil profile and rotor-stator axial spacing on the
transverse gust unsteady aerodynamic response were
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investigated in a single stage, low speed research
compressor at realistic values of the reduced frequency,
with these data also showing the influence of the forcing
function waveform.

These previous experimental investigations were
performed in linear cascades, isolated rctor rows, and single
stage compressors. They did not consider the multistage
and potential interaction effects which exist in the mid and
aft stages of turbomachines. For multistage compressors,
the unsteady aerodynamics on the first two vane rows of a
three stage low speed research compressor were studied for
the first time in reference 12. The transverse gust forcing
function and the chordwise distributions of the first
harmonic pressure difference coefficients on the first two
vane rows were determined for a variety of geometric and
compressor operating conditions. These results indicated
that the unsteady aerodynamic loading of an airfoil row
was related to the aerodynamic forcing function which itself
is significantly influenced by the multistage blade row
interactions. This work was extended in reference 13 to
include all three vane rows, with the effects of both the
transverse and chordwise gust components quantified.

In this paper, the fundamental flow physics of
multistage blade row interactions are experimentally
investigated at realistic reduced frequency values, with
unique data obtained to describe the fundamental unsteady
aerodynamic phenomena on the stator vanes of a three-
stage research compressor. In particular, a series of
experiments are performed to investigate and quantify the
effect of the following on vane row unsteady aerodynamics:
(1) steady loading; (2) forcing function waveform, including
both the chordwise and transverse gust componeats; (3)
solidity; (4) potential interactions; and (5) steady Row
separation.

RESEARCH COMPRESSOR
AND INSTRUMENTATION

The Purdue University Three Stage Axial Flow Research
Compressor is driven by a 15 HP DC electric motor over a
speed range of 300 to 3,000 RPM. The threg identical
compressor stages consist of 43 rotor blades and 41 stator
vanes, with the first stage rotor inlet flow feld controlled by
variable setting angle inlet guide vanes. The free-vortex
design airfoils have a British C4 section profile, a chord of
30 mm, an aspect ratio of 2, and a maximum thickness-to-
chord ratio of 0.10. The overall airfoil and compressor
characteristics are presented in Table 1.

The aerodynamic forcing function to the stator rows are
the upstream airfoil wakes. The first stage vane row
forcing function is varied by changing the setting angle of
the inlet guide vanes, thereby altering the inlet flow to the
first stage rotor, Figure 2. This results in a change in the
rotor blade exit flow fleld, in particular, the chordwise and
transverse gust components. The second and third stage
vane row forcing function variations are accomplished by
independently circumferentially indexing the upstream vane
rows relative to one another, as also depicted.

The stator vane forcing function is quantified by
measuring the stator inlet time-variant velocity and flow
angle with a cross-wire probe located midway between rotor
and stator at midstator circumferential spacing, Figure 1.

. WP LVAT L e ST A e N Nl VuCatl e r a.

The rotor mean absolute exit Bow angle is determined by
rotating the probe until a zero voltage difference is obtained
between the two hot-wire channpels. This mean angie is
then used as a reference for calculating the instantaneous
absolute and relative flow angles and defines the vane
steady incidence angle. From the instantaneous velocity
triangles, the individual fluctuating velocity components
parallel and normal to the mean flow, the aerodynamic gust
components, are calculated. The accuracy of the velocity
magnitude and angle are £ 4% and + 2 degrees,
respectively.

The steady and unsteady aerodynamic loading on the
vane surfaces are measured with chordwise distsibutions of
midspan surface pressure taps and transducers. Flow
visualization along this streamline shows the flow to be
two-dimensional for the operating conditions of this
investigation. A reverse transducer mounting technique is
utilized to minimize disturbances, with the transducer
conpnected to the measurement surface by a pressure tap.
Static and dynamic calibrations of the embedded
transducers demonsirate no hysteresis, with the mounting
method not affecting the frequency response. The accuracy
of the unsteady pressure measurements is + 3.5%.

DATA ACQUISITION AND ANALYSIS

The steady-state data define the steady aerodynamic
loading on the vane surfaces and the compressor operating
point. A root-mean-square error analysis is performed, with
the steady data defined as the mean of 30 samples and
their 95% confidence intervals determined. The detailed
steady loading on the vanes is defined by the chordwise
distribution_of the vane surface steady static pressure
coefficieat, C,, with the overall loading level specified by the
incidence angle, i, and the steady lift coefficient, C,.

The time-variant data quantify the aerodynamic forcing
function and the resulting unsteady pressure difference on
the stator vanes, and are analyzed by means of a data
averaging or signal enhancement concept, as proposed by
Gostelow [14]. The key to this technique is the sampling of
data at a preset time, which is accomplished with a shaft
mounted optical encoder. At a steady-state operating
point, an averaged time-variant data set consisting of the
two hot-wire and the vane mounted transducer signals,
digitized at a rate of 200 kHz and averaged over 200 rotor
revolutions, is obtained. Each is Fourier decomposed into
harmonics by means of a Fast Fourier Transform algorithm,
with the magnitude and phase angle of the first harmonic
referenced to the data initiation pulse determined.
Analyiing the data in this form was found to be equivalent
to averaging the Fourier transforms for each rotor
revolution. Also, ensemble averaging and then Fourier
decomposing the signal is used because it significantly
reduces the data storage requirements.

The rotor and stator spacing, the axial spacing between
the vane leading edge plane and the probe, and the
absolute and relative low angles are known. To time relate
the hot-wire and vane surface unsteady pressure signals, the
rotor exit velocity triangles are examined and the following
assumptions made: (1) the wakes are identical at the hot-
wire and stator leading edge planes, and {2) the wakes are
fixed in the relative frame. The wakes are located relative
to the hot-wires and the leading edges of the instrumented
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vanes and the times at which the wakes are present st
various locations determined. The incremented times
between occurrences at the hot-wire and the vane leading
edge planes are then related to phase differences between
unsteady velocities and the vane surfaces. These
assumptions are necessary in order to correlate the data
with a gust analysis which fixes the gust at the airfoil
leading edge. The hot-wire was located approximately
midway between the rotor and stator and was less than
25% of the stator chord upstream of its leading edge.

In final form, the detailed waveform of the aerodynamic
forcing function is specified by the first harmonics of the
chordwise and transverse gust components, 4% and 7,
respectively. The unsteady pressure data describe the
chordwise variation of the first harmonic pressure difference
across a stator vane, presented as a dynamic preasure
difference coefficient magnitude and phase. As a reference,
these data are correlated with predictions from reference 2.
This gust analysis assumes the flow to be inviscid,
irrotational, two-dimensional, and compressible. Small
unsteady transverse velocity perturbations, v*, are assumed
to be convected with the uniform flow past a cascade of flat
plate airfoils. The parameters modeled include the cascade
solidity, stagger angle, inlet Mach number, reduced
frequency, and the interblade phase angle. The analysis
does not consider flow separation or chordwise gust
perturbations, ut.

RESULTS

Three stator vane solidities are investigated: the design
value of 1.09; a reduced value of 0.545; and 0.10 which
results in a spacing between vanes large enough so that the
influence of neighboring vanes is negligible; i.e., each vane is
an isolated airfoil. The results are presented for each
solidity for variations in one of the key parameters. All
design solidity data, except for the potential interaction
effects, are presented for the first stator vane row. The
data sets for the other solidities are presented for the third
stator vane row. Since there are no airfoil rows
downstream of the third astage vane row, there are no
potential interaction effects on the trailing edge region of
these vanes. Dats from reference 13 have been added for
the design solidity in order to have a complete presentation
of the resuits and to indicate the significant eflects which
solidity has on the unsteady aerodynamic response of the
stator vanes. Also, the error in the static pressure
coeficient data is represented by the symbol size.

VANE STEADY LOADING

Steady aerodynamic loading effects are considered for
the design and reduced solidities of 1.09 and 0.545. The
first barmonics of the forcing function are maintained
nearly constant, Figure 3. Note that relative to the
absolute velocity, the instantaneous gust componeuts are
not small. For example, the instantaneous transverse and
chordwise gust components are approximately 40% and
25% of the absolute velocity at -5.9 degrees of incidence.
However, in terms of the first harmonics these gust

components are approximately 11% and 6% of the absolute
velocity.

For each solidity, the vane surface steady pressure
distributions are smooth and show no indication of %
separation, Figure 4. At the design solidity, the surface
static pressures for the lift coeficient of 0.268 are greater
than those for the lift coefficient of 0.178, & result of the
inlet guide vane indexing altering the compressor uperating
point. Also, the reduced solidity has much higher pressure
diflerences and steady lift coefficients due to the decreascd
number of vanes.

The resulting chordwise distributions of the dypamic
pressure difference coefficient and the predictions are shown
in Figure 5. At the design solidity, good correlation exists
between the magnitude data and the prediction for the lift
coefficient of 0.176, with an increase in lift to 0.268 resulting
in poorer correlation. The higher loading data are decreased
in amplitude relative to both the prediction and the lower
loading data over the front 25% of the vane. Aft of 25%
chord, the data correlate well with each other and the
prediction until 63% chord, with both data sets then
increasing to a larger value than the prediction.

The phase data exhibit a somewhat diflerent chordwise
distribution than the prediction. In particular, the phase
data are increased relative to the prediction over the first
14% of the vane chord. The data then decrease to the level
of the prediction and then increase to values greater than
the prediction with increasing chordwise position. The
pbase data for both loading levels exhibit the same trends,
with the higher loading data increased relative to both the
prediction and the lower loading data over most of the
chord. The differences between the phase data and the
prediction are attributed to the vane camber and the
detailed steady loading distributions on the vane surfaces.

The magnitude data for the reduced solidity are also
decreased relative to the prediction over the front 50% of
the vane, with the bigher loading data Laving, in general, a
decreased amplitude relative to the lower loading data.
The decrease in amplitude relative to the prediction is due
to the high levels of steady aerodynamic loading. Aft of
50% chord, the magnitude data increase to the level of the
prediction and show better correlation. The phase data
increase to a level larger than the prediction over the froat
14% of the vane, then decrease towards the prediction, and
from approximately 25% to 50% chord, the phase data are
almost constant. Aft of 50% chord this trend changes, with
the higher loading data decreased relative to both the lower
loading data and the prediction, and then increasing as the
chordwise position increases. Thus, from these results it is
evident that steady loading primarily affects the magnitude
of the dynsmic pressure difference coefficient.

The best correlation of the dynamic pressure difference
coefficient data and the prediction is obtained at the low
level of steady loading at the design solidity, as expected,
since this most closely approximates the unloaded flat plate
cascade model. Also, the steady loading level and
distribution bhave a significant effect on the wunsteady
aerodynamics of the vane row. In general, different aicfoil
designs will produce different steady surface pressure
distributions and steady lift for the same incidence angle.
Therefore, the level of steady aerodynamic loading, not the
incidence angle, is the key parameter in obtaining good
correlation with mathematical models.
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The influence of each gust component on the compiex
dynamic pressure coefficient, with the steady aerodynamic
loading held constant, is considered.

Transverse Gust

The surface static pressure distributions for each solidity
are smooth, with no evidence of separation and only small
variations apparent near the leading edge which result in
the slight variations in the steady lift coefficients, Figure 6.
As the solidity is decreased, there is an increase in the level
of steady surface pressures and a corresponding increase in
the steady lift coefficient. The chordwise gust, 4%, is held
approximately constant while the transverse gust, +%, is
varied, Figure 7, with the difference between the
configurations specified by the first harmonic gust ratio,
a4t /3t

The effect of the transverse gust on the chordwise
distributions of the dynamic pressure difference coefficient
data is presented in Figure 8. At the design solidity, both
configurations show the magnitude data to be decreased
relative to the prediction over the leading 30% of the vane,
with the (d*/¥*) data of 0.830 having a decreased
amplitude relative to the 0.447 data. However, in the
midchord region, the data for these two configurations
correlate well with each other and with the prediction. As
in the previous cases, aft of 70% chord the data increase
relative to the prediction. This is a result of both the
potential interaction from the downstream second stage
rotor row and the parallel gust component, %, as the
design solidity data are acquired on the first stage. This
phenomena will be discussed in greater detail in the section
on Potential Flow Interactions.

The reduced solidity and the isolated airfoil data show a

| different trend with the ratio of (i*/#*) than that of the

design solidity, with the data for the larger values of
(8*/%*) increased in value relative to the lower values.
This is opposite to the trend noted at the design solidity.
However, examination of the magnitudes of the first
harmonics of the chordwise gust component, 4%, indicates
that the magnitudes of the chordwise gust are lower in
value than the design case. This indicates that the
chordwise pressure distributions are not governed simply by
the ratio of the two gust components but also by their
magnitudes.

For each of the reduced solidity values, 0.545 and 0.10,
the magnitude data are generally decreased relative to the
prediction over the leading 50% of the vane, with the lower
(8*/4*) data baving a decreased amplitude relative to the
higher (d*/¢*) data. In the trailing edge portion of the
vane, the magnitude data correlate well with each other
but are increased in level relative to the prediction. This is
a result of the chordwise gust which is not considered by
the model.

The design solidity phase data are increased relative to
the prediction over the front 14% of the vane, decrease to
the level of the prediction at 22% chord, and then increase
to values greater than the prediction with increasing
chordwise position, becoming nearly constant aft of 40%
chord. At the reduced solidity, the phase data are increased
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relative to the prediction over the entire vane chord, being
nearly constant in the 22% to 38% chord region. For the
isolated airfoil, the phase data show good trendwise
correlation with the prediction over the leading 29% of the
vane, with the (a*/¥*) data of 0.245 decreasing relative to
both the prediction and the (a*/¢*) 0.218 data. Aft of 20%
chord, where the vane does most of its turning, the phase
data decrease until 54% chord and then increase with
increasing chordwise position.

These results show that the transverse gust primarily
influences the magnitude of the dynamic pressure difference
coefficient. Also, the unsteady data variations with forcing
function waveform cannot be predicted by harmonic gust
models. This is because the forcing function waveforms and
the resulting unsteady pressure distributions have been
Fourier decomposed, with the first harmonic of the
unsteady data presented. Thus, all of these first harmonic
data are correlated with the same prediction curve; i.e., the
predictions from these harmonic gust models are identical
for all of the forcing function waveforms.

Chordwise Gust

The effect of the forcing function chordwise gust
component, i*, on the vane row unsteady aerodynamics for
each solidity is considered. This is accomplished by
establishing compressor configurations such that the
transverse gust and the steady aerodynamic loading are
nearly identical Figures ¢ and 10, respectively.

The resulting chordwise distributions of the dynamic
pressure coefficient data and the predictions are presented
in Figure 11. In general, the magnitude data exhibit
analogous trends for each solidity, decreasing over the front
of the vane and increasing over the aft part. The
msgnitude data increase over the prediction at the design
solidity, whereas they increase up to the prediction for the
other two solidity values. This is again the result of the
design solidity data being acquired on the first stage, with
the data for the other solidities being acquired on the third
stage. Also, the higher (u*/¥*) data are decreased relative
to both the prediction and the lower (i*/%*) data for each
solidity. This is particularly apparent at the design and
reduced solidity.

The design solidity phase data at a (@*/¥*) of 0.611
show good trendwise correlation with the prediction over
the aft 50% of the vane while the lower (i*/¥*) data are
increased relative to the prediction, as seen in previous
cases. Over the front 50% of the vane, the data correlate
trendwise with each other but are increased compared to
the prediction. The reduced solidity phase data are
increased relative to the prediction and remain relatively
constant over the entire vane chord, with the (a*/%*) phase
data of 0.834 consistently increased over the (G*/¥*) 0.438
data.

A somewhat different trend is evident in the phase data
for the isolated airfoil than previous isolated airfoil cases
and the other solidity values. In this case, the data are
seen to correlate trendwise with the prediction over the
front of the vane, then decrease slightly lower than the
prediction and remain almost constant for the remainder of
the vane. In addition, the phase data for these two
configurations correlate quite well with one another over
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slmost the entire vane. Comparing these results to the
phase data of Figure 8 for a (*/%%) of 0.218 indicates that
loading has a dramatic effect on the phase as well as the
magnitude data: both the phase and the magnitude data
show the maximum deviations from the analysis in the 25%
to 50% chord locations. Aft of this point the magnitude
and phase incrcase to the prediction.

The differences apparent in the dynamic pressure
difference coefficient phase data for the three different
solidity values are a result of the details of the steady static
pressure distributions and the spacing between the airfoils.
As the airfoil spacing increases for low levels of
aerodynamic loading, the correlation of the phase data with
the predictions gets increasingly better. This indicates that
the influence of adjacent airfoils is much greater than
predicted by the zero incidence flat plate analysis.

Thus, both the transverse and chordwise gust
components affect the magnitude data, with the chordwise
gust having a larger influence on the phase, particularly at
the design solidity. In addition, the magnitude of the
chordwise gust is not small as compared to either the
absolute velocity or the transverse gust.

POTENTIAL FLOW INTERACTIONS

Data in the vane trailing edge region are consistently
increased relative to the prediction. Part of this increase is
attributable to the chordwise gust which is not modeled by
the prediction. However, Arst stage magnitude data exhibit
larger deviations in the trailing edge region than third stage
data with similar steady lift coefficients. To investigate this
phenomenon, unsteady data are acquired on the second and
the third stages at the design solidity for operating
conditions where the steady loading and the forcing
function are nearly identical, Figure 12. Thus the only
difference between these two configurations is the presence
of the third stage downstream of the second stage stator
row.

The resulting dynamic pressure difference coefficient
data and corresponding prediction are presented in Figure
13. The magnitude data are decreased relative to the
prediction over the leading 30% of the vane due to the
steady loading level, with the deviations in the amplitude
attributed to the differences in the steady surface pressure
distributions in the leading edge region. Aft of 30% chord,
the data increase to the level of the prediction, with the
second stage data higher in amplitude than the third stage
data, particularly in the trailing edge region. Since the
steady pressure distributions and the forcing function are
nearly identical, this deviation of the second stage data is
attributed to a potential interaction effect caused by the
downstream third stage. The increase of the third stage
data above the prediction in this region is a result of the
chordwise gust since there are no downstream airfoil rows,
with the further increase in the second stage data due to
the potential interaction.

The phase data also show different trends in the trailing
edge region due to potential interactions. Over the front
part of the vane, the data are increased with respect to the
prediction, but then decrease in relation to the prediction
at 22% chord. The data then increase until 50% chord,
with the data up to this point exhibiting good trendwise
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correlation. Aft of 50% chord the second stage data are
pearly constant with increasing chordwise position, whereas
the third stage data show another decrease in phase and
then increase with increasing chordwise position.

Thus, potential interaction effects influence both the
magnitude and phase, with the larger effect being upon the
magnitude of the dynamic pressure difference coefficient.
Hence, the downstream airfoil row is another aerodynamic
excitation source to the upstream blade or vane row and
would act on the trailing edge region.

ISOLATED AIRFOIL SEPARATION

The effect of separated flow on the stator vane unsteady
aerodynamics for a solidity of 0.10; i.e., an isolated airfoil,
is now investigated. The separated flow is generated by
restaggering the stator vanes such that a mean flow
incidence angle of 8.2 degrees is established. At this
incidence angle, the flow separates from the vane suction
surface as indicated by the region of constant static
pressure which originates at 38% chord, Figure 14. The
separated flow data are compared with data for a
configuration where the steady lift coefficient and both the
chordwise and transverse gust components are nearly
identical, but the flow is not separated.

The resulting dynamic pressure difference coefficient
data and the attached flow flat plate prediction are shown
in Figure 15. The attached and separated flow data show
somewhat different trends in the leading and trailing edge
regions. The separated flow magnitude data are nearly
constant over the front 14% of the vane, whereas the
attached flow data and prediction indicate a decrease in
amplitude with increasing chordwise position. Aft of 14%
chord the data show analogous trends, with both separated
and attached flow data decreasing with increasing
chordwise position and attaining a minimum amplitude
value at 20% chord, similar to previous isolated airfoil
results. The magnitude data for both cases then gradually
increase to values that are greater than the prediction at
54% chord, with the attached flow data being lower in
magonitude up to this point. Both data sets then decrease
with further chordwise position, with the separated data
decreased in amplitude relative to both the prediction and
the attached flow data. This is a result of the increased
steady loading in this region of the airfoil due to the
separation zone.

The attached and separated flow phase data have
different trends near the separation point and in the trailing
edge region. Over the front 22% of the vane, the data and
the prediction show analogous trends, being nearly
constant. The separated data are increased relative to the
prediction, with the attached flow data exhibiting excellent
correlation with the prediction. Aft of 22% chord the
separated data increase whereas the attached flow data
decrease relative to the prediction. In the separated flow
region, both the separated and attached flow data exhibit
similar trends. However, at 70% chord the separated data
indicate a jump to values larger than the prediction and
increase with further chordwise position. On the other
hand, the attached flow phase data show a gradual
increase. Thus, separation affects both the magnitude and
phase of the dynamic pressure difference coefficient.
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SUMMARY AND CONCLUSIONS

A series of experiments were performed to investigate
the wake generated gust aerodynamics on each vane row of
a three atage axial flow research compressor at high reduced
frequency values, including multistage interactions. In these
experiments, the effect on vane row unsteady aerodynamics
of the following were investigated and quantified: (1)
steady vane aerodynamic loading; (2) aerodynamic forcing
function waveform, including both the chordwise and
transverse gust components; (3) solidity; (4) potential
interactions; and (5) isolated airfoil steady How separation.
The apalysis of these unique vane row unsteady
aerodynamic data determined the following.

* The steady aerodynamic loading level, not the incidence
angle, is the key parameter to obtain good correlation with
flat plate cascade gust models.

* The steady loading level and chordwise loading
distribution have a significant effect on vane row unsteady
aerodynamics, having a larger influence on the magnitude
than on the phase.

* The aerodynamic forcing function chordwise gust affects
both the dynamic pressure coefficient magnitude and phase,
whereas the transverse gust primarily affects the
magnitude. These effects cannot be predicted with
harmonic gust models because these data have been Fourier
decomposed, with the predictions thus identical for all
forcing function waveforms.

* The chordwise gust is not small compared to either the
absolute velocity or the transverse gust. Thus, to provide
accurate predictions, unsteady aerodynamic models must
consider this gust component.

* For closely spaced stages (the compressor rotor-stator
axial spacing herein is 0.432 chord), downstream airfoil rows
are potential serodynamic excitation sources which affect
the unsteady loading in the trailing edge region of the
upstream airfoils. Since the trailing edge is thin, it would
be highly susceptible to fatigue failure.

* Flow separation of the low solidity vane row affects the
unsteady surface pressures upstream of the separation
point, with the phase affected in the trailing edge region.
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ROTOR
Airloil Type CH
Number of Airfoils 13
Chord, C (mmm) 30
Solidity, C/S 1.14
Camber, 8§ 27.95
Stagger Angle, N 36
Aspeet Ratio 2.0
Thicknesa/Chord (%) 10

Axial Gap (em)

Ilow Rate (kg/s)

Design Axial Velocity (m/s)
Rtotational Speed (RPPM)
Number of Stages

Stage Pressure Ralio

Inlet Tip Diameter (mm)
Huli/Tip Radivs Ratio

Stage Efficiency (V5)

10

N NN N N SN A

1.27

2.06

32.0

3000

3

1.003

120

0711

85

Steady suction surface separation effect on
the complex unsteady pressure coefficient

STATOR

(93]

41

30

1.09

27.70

S3600

10

Table 1. Overall compressor and airfoil characteristics
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ABSTRACT

A series of experiments are performed to investigate and quantify the unsteady
aerodynamic response of an airfoil to a high reduced frequency gust, including the
effects of the gust forcing function waveform, airfoil loading, and steady flow
separation. This is accomplished by utilizing an axial flow research compressor to
experimentally model the high reduced frequency gust forcing function and
replacing the last stage stator row with isolated instrumented airfoils. Appropriate
data are correlated with predictions from flat plate and cambered airfoil convected
gust models. The airfoil surface steady loading is shown to have a large effect on
the unsteady aerodynamic response. Also, the steady flow separation has a
significant influence on the gust response, particularly upstream of the separation

point and in the airfoil trailing edge region.
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NOMENCLATURE

- airfoil chord
steady lift coefficient j;c (_pp — p,)dx/ % p UEC
first harmonic unsteady pressure coefficient Ap/p V,#

static pressure coefficient, (p — Pgyi1)/ % p U?

periodic signal component
random signal component

steady signal componen.

gust propagation direction vector
reduced frequency, w C/2V,
transvese gust wave number
airfoil surface static pressure
exit static pressure

first harmonic unsteady pressure difference
unsteady transducer signal

first harmonic chordwise gust
rotor blade tip speed

first harmonic transverse gust
absolute axial velocity

angle of attack

inlet air density
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INTRODUCTION

The unsteady flow past a stationary airfoil is of primary concern in many
important applications. For example, the unsteady interaction of an airfoil with
gusts and similar vortical disturbances plays a significant role in the aerodynamics,
dynamic loading, aeroelasticity, and acoustics of modern aircraft, missiles,
helicopter rotors, advanced turboprops and turbomachines. As a result, the
interest in unsteady flow theory initiated by Theodorsen [1935], Kussner [1940], and

Sears [1941] has continued to the present.

Theoretical gust models have typically been restricted to thin airfoil theory,
with the unsteady gust disturbance assumed to be small as compared to the mean
steady potential flow field. However, in most applications, airfoils with arbitrary
shape, large camber, and finite angles of attack are required. In an attempt to
meet this need, Horlock [1968] extended the classical approach of Sears to consider
a flat plate airfoil at small angle of attack. Naumann and Yeh [1972] then
extended Horlock’s analysis to consider a thin airfoil with constant small camber.
These analyses showed that the unsteady aerodynamic forces acting on an airfoil
were affected by both the small incidence angle and the small airfoil camber.
However, these models neglect second order terms, following Sears, and also assume
a small angle of attack. Thus these results are only approximate and cannot be

extended to finite incidence angles or large airfoil camber.

It is apparent that the thin airfoil approach is not adequate for many
applications of interest. In this regard, Goldstein and Atassi [1976] and Atassi

[1984] developed a theory for the inviscid incompressible flow past an airfoil subject
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to an interacting periodic gust. The theory assumes that the fluctuating flow
velocity is small compared to the mean velocity, with the unsteady flow linearized
about the full potential steady flow past a flat plate or Joukowski airfoil and

accounts for the effects of both airfoil profile and angle of attack.

Experimental investigations have typically been restricted to low reduced
frequency aerodynamic gusts. In part, this is due to the difficulties associated with
generating a periodic unsteady gust, with low reduced frequency gust tunnels
having been developed by Holmes [1973], Satyanarayana, Gostelow, and Henderson
[1974] and Ostdiek [1976], for example. Also contributing is the difficulty in
obtaining and analyzing the fundamental high frequency unsteady data that define
both the aerodynamic forcing function and the resulting airfoil surface pressure
distributions. The acquisition and analysis of such high frequency data has only
recently become possible with the development and availability of miniature high-
response pressure transducers, digital instrumentation, and computers for both

control of instrumentation and digital data acquisition and analysis.

The above noted experiments and analyses are all concerned with attached
steady flow. Separated flow oscillating airfoil phenomena, including stz;ll flutter
and dynamic stall, have also been addressed. Thus, oscillating airfoil models and
experiments have considered the effects of steady loading and flow separation, for
example, Woods [1957], Yashima and Tanaka (1977, Sisto and Perumal [1074],
Ericsson and Reding {1981], Carstens [1984], Chi [1985], and Lorber and Carta
{1987]. In this regard it should be noted that only minimal attention has been

directed towards the effect of steady loading and flow separation on the unsteady
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aerodynamic response of an airfoil to a periodic gust.

In this paper, the effects of the gust waveform, as characterized by the

chordwise (parallel) and transverse (normal) gust components, u*

and v* depicted
in Figure 1, airfoil loading, and steady flow separation, on the unsteady
aerodynamic response of an airfoil are experimentally investigated at high reduced
frequency values for the first time. This is accomplished by: (1) utilizing an axial
flow research compressor to experimentally model the high reduced frequency
aerodynamic gust forcing function; (2) replacing the last stage stator row with
instrumented isolated airfoils; (3) developing and utilizing computer based time-

variant digital data acquisition and analysis techniques, including ensemble

averaging and Fast Fourier Transforms (FFT), for the analysis of the periodic

~data. In particular, high reduced frequency aerodynamic gusts are generated by

the upstream rotor blade wakes, with the unsteady aerodynamic gust response
determined by replacing the downstream stator row with static and dynamically
instrumented isolated airfoils. Thus, there is complete experimental modeling of the
basic unsteady aerodynamic phenomena inherent in this high reduced frequency
unsteady interaction including angle of attack effects, the velocity and pressure

variations, and the waveform of the aerodynamic forcing function.

RESEARCH COMPRESSOR

The Purdue axial flow research compressor with the last stage stator row
replaced by an isolated airfoil, is utilized for these experiments. It is driven by a

15 HP DC electric motor over a speed range of 300 to 3,000 RPM. The wakes from
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the upstream rotor blades are the source of the unsteady surface pressures on the
downstream isolated airfoil, i.e., the rotor wakes define the aerodynamic forcing
function to the airfoil, as depicted schematically in Figure 1. The 43 rotor blades
and the isolated airfoil are free vortex design airfoils with a British C4 section

profile, a chord of 30 mm, and a maximum thickness-to-chord ratio of 0.10.

The variations in the airfoil steady loading are accomplished by compressor
throttling and adjusting the setting angles of the instrumented airfoils, thereby
altering the airfoil angle of attack. The detailed steady aerodynamic loading of
the instrumented airfoils is specified by the chordwise distribution of the airfoil
surface steady static pressure coefficient, with the overall loading level given by the

angle of attack and the steady lift coefficient.

The waveform of the aerodynamic forcing function is defined by the first
harmonic chordwise and transverse gust components, i* and %, respectively. The
forcing function waveform variations to the instrumented last stage airfoils are
accomplished by independently circumferentially indexing the upstream compressor
vane rows relative to one another while maintaining a constant instrumented airfoil

steady loading distribution.

INSTRUMENTATION

Both steady and unsteady data are required. The steady data define the
detailed airfoil surface aerodynamic loading. The unsteady data quantify the
time-variant aerodynamic forcing function to the isolated airfoil, i.e., the airfoil

unsteady inlet flow field and the resulting chordwise distribution of the time-
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variant pressures on the surfaces of the downstream airfoil. Flow visualization

G
> 2
-~

studies showed the flow to be two-dimensional on the midspan streamline. Thus,

4

midspan chordwise distributions of airfoil surface static and dynamic

(% £ .A-‘.

instrumentation are utilized.

- 4
-

-—-_

The unsteady aerodynamic forcing function to the airfoil, the time-variant inlet
flow field, is measured with a cross hot-wire probe. The airfoil mean absolute inlet
flow angle is determined by rotating the cross-wire probe until a zero voltage
difference is obtained between the two hot-wire signals. This mean angle is
subsequently used as a reference to calculate the airfoil angle of attack and the 3%

instantaneous absolute and relative flow angles. : oy

The airfoil surface time-variant pressure measurements are accomplished with
flush mounted ultra-miniature high response transducers. To minimize potential e
flow disturbances due to the transducer mounting or the inability of the transducer
diaphragm to exactly maintain the surface curvature of the airfoil, a reverse
mounting technique is utilized. The pressure surface of one airfoil and the suction .
surface of a second are instrumented, with the transducers embedded in the non- ;‘

measurement surface and connected to the measurement surface by a static tap.

To assure the accuracy of the experiments as well as to minimize the number of

Tseaa )

I

stator row reconfigurations needed to obtain the isolated airfoil steady and

unsteady data of interest, the complete last stage compressor stator row was

o

replaced with a stator row comprised of only two airfoils, these being either the H
statically instrumented airfoils or the dynamically instrumented airfoils. This ‘

corresponds to a vane row with a solidity (chord/spacing) of less than 0.10, which o

43 9
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results in a spacing between the instrumented vanes large enough so that the
influence of the neighboring vanes is negligible, i.e., each vane is essentially an
isolated airfoil. Table 1 illustrates this, presenting the incompressible flow,
transverse gust lift coefficient for a cascade with a solidity of 0.1 and an isolated
airfoil as predicted by Sears at the typical experimental reduced frequency value of

5.0.

DIGITAL PERIODIC DATA ACQUISITION

The steady-state pressure data are acquired with a 48 channel Scanivalve
system. Under computer control, the Scanivalve is calibrated each time data is
acquired, with compensation automatically made for variations in the zero and
span output. As part of the steady-state data acquisition and analysis process, a
root-mean-square error analysis is performed. The steady data are defined as the

mean of 30 samples, with the 95% confidence intervals determined.

The time-variant data from the hot-wire probe and the dynamic pressure
transducers are obtained under computer control by first conditioning their signals
and then digitizing them with a high speed A-D system. This eight channel system
is able to digitize signals simultaneously at rates to 5 MHz per channel, storing
2048 points per channel. In addition, after conditioning, the time-variant hot-wire
and pressure transducer signals are monitored by a dynamic signal processor which

can digitize, average, and Fourier decompose unsteady analog signals.

The time-variant data of interest are periodic, being generated at rotor blade

passing frequency, with a digital ensemble averaging technique used for data
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analysis. As will be discussed, the key to this technique is the ability to sample
data at a pre-set time. This is accomplished by means of an optical encoder
mounted on the rotor shaft. The microsecond range square wave voltage signal
from the encoder is the time or data initiation reference which triggers the high

speed A-D system.

In general, the time-variant signals from the hot-wire probe and the dynamic
pressure transducers are comprised of three components: (1) a steady-state
component, {*; (2) the periodic component of interest, fP; (3) a random fluctuating

component, f*.

£(t) =1 +1° (t) + £ (¢) (1)

The steady-state signal component is measured independently. Thus, the time-
variant transducer signal, s(t), is considered to be comprised of the sum of the

periodic and random components.
s(t) = fP (t) + £ (t) (2)

The periodic signal component is determined by a digital ensemble averaging
technique based on the signal enhancement concept initially considered by
Gostelow [1973]. The time-variant signal is sampled and digitized over a time
frame that is greater than the periodic signal component characteristic time. With
the same data initiation reference, i.e., the signal from the rotor shaft mounted
optical encoder, a series of corresponding digitized signals is generated by repeating

this signal sampling and digitization process. The time-variant signal ensemble

average is then determined by averaging this series of digital data samples.
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N
<s;>=(1/N) ¥sj, j=1,2,...,m
n=1
or
N N . )
<S> =(I/NER+A/NT L j=l2..m (3)
o=l n=1

For a sufficiently large number of digital signals in the series, N >>1, the
ensemble average of the random signal component is zero.
(1/N) %f{n =0 N>>1,j=12,.,m (4)
n=l
Thus, the periodic component of the time-variant signal, relative to the data
initiation reference, is determined by this ensemble averaging technique.
N
<s;> = (1/N) n%f},’, j=1,2,...,m (5)
The effect of averaging the time-variant digitized hot-wire and pressure signals
has been considered. Figure 2 displays a time-variant pressure signal for 1 rotor
revolution and averaged over 25, 50, 75, 100, and 200 rotor revolutions. The
ensemble averaging significantly reduces the random fluctuations which are
superimposed on the periodic signal, with the tirme-variant pressure and hot-wire
signals essentially unchanged when averaged over 75 or more rotor revolutions. For
the experiments described herein, 200 rotor revolutions are used to average the

hot-wire and the airfoil mounted transducer signals.

DATA ANALYSIS

At each steady-state operating point, an averaged time-variant data set is
obtained which consists of the hot-wire and the airfoil mounted transducer signals

digitised at a rate of 200 kHz and ensemble averaged over 200 rotor revolutions.

This sample rate allows approximately 91 points between each rotor blade at the
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design compressor rotational speed. These rotor revolutions are not consecutive

N

due to the finite time required for the A/D multiplexer system to sample the data

RO ET

and the computer to then read the digitized data.

A

-

Each of these digitized signals is Fourier decomposed into harmonics by means

P o LR,

of a Fast Fourier Transform algorithm. Figure 3 shows the Fourier' decomposition

K2

SN

of a typical ensemble averaged time-variant pressure transducer signal. There is a

dominant fundamental frequency at rotor blade passing, with much smaller

)
o

amplitude higher harmonics and minimal nonharmonic content. Also shown is the :EE:
digitized signal together with the first three harmonics and their sum. This
4

284

summation is seen to yield a very good approximation to the original digitized ;:
)\

A

signal, further demonstrating that the time-variant signal is primarily composed of S
il

the first three harmonics of the rotor blade passing frequency. it
L} .::

“The first harmonic magnitude and phase angle referenced to the data initiation | :.

pulse are determined from the Fourier analysis of the data. To then relate the

o

rotor wake generated velocity profiles with the first harmonic surface dynamic

el
_t 0 0 30 08

pressures on the instrumented downstream airfoil, the rotor exit velocity triangles
are examined. The change in the rotor relative exit velocity which occurs as a
result of the wake from a rotor blade is seen in Figure 1. This velocity deficit
creates a change in the absolute velocity vector which is measured with the cross-

wire probe. From this instantaneous absolute flow angle and velocity, the rotor

- A Ty X
™

y Sx

exit relative flow angle and velocity, as well as the amplitude and phase of the

L (W)

perturbation quantities, are determined. The normal, v*, and parallel, u*,

perturbation velocities are determined from the following relationships.
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ut = Vmean - Vcos(a—amean) ) vh = VSin(a_amean) (6)

where V., is the mean flow velocity, V is the wake velocity, & is the wake

absolute flow angle, and o,,, is the mean absolute flow angle.

The hot-wire probe is positioned upstream of the leading edge of the
instrumented airfoil. To relate time based events as measured by this hot-wire
probe to the unsteady pressures on the airfoil surfaces, the following assumptions
are made: (1) the wakes are identical at the hot-wire and the instrumented airfoil
leading edge plane, and (2) the wakes are fixed in the relative frame. At a steady
operating point, the hot-wire data are analyzed to determine the absolute flow
angle and the rotor exit relative low angle. Using the above two assumptions, the
wake is located relative to the hot-wire and the leading edges of the instrumented
airfoil suction and pressure surfaces. From this, the times at which the wakes are
present at various locations are determined. The incremental times between
occurrences at the hot-wire and the instrumented airfoil leading edge plane are
then related to phase differences between perturbation velocities and the airfoil

surface.

The final form of the unsteady pressure data defines the chordwise variation of
the first harmonic pressure difference across the chordline of a stator vane, and is
presented as a nondimensional complex unsteady pressure difference across the
airfoil chord in the format of the magnitude and the phase lag referenced to a

transverse gust at the airfoil leading edge.
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PREDICTED GUST RESPONSE

An unsteady aerodynamic gust response model which considers steady
aerodynamic loading is needed to provide a baseline for accurate interpretation of
the unsteady data. This is accomplished utilizing the complete first order model,
i.e., the thin airfoil approximation is not used, and locally analytical solution
developed by Chiang and Fleeter. This model considers the flow of a two-
dimensional unsteady aerodynamic gust convected with the mean flow past a thick,
cambered, airfoil at finite angle of attack, «,, as schematically depicted in Figure
4. The periodic gust amplitude and harmonic frequency are denoted by A and w,
respectively. The two-dimensional gust propagates in the direction ¥ = klf + kzj,

where k, is the reduced frequency and k, is the transverse gust wave number, i.e.,

~ the transverse component of the gust propagation direction vector.

The unsteady flow field is considered to be rotational, and is linearized about
the full steady potential low past the airfoil. Thus, the effects of airfoil thickness
and camber as well as mean flow angle of attack are completely accounted for
through the mean potential flow field. The steady potential flow field and the
unsteady potential flow are individually described by Laplace equations, with the
unsteady potential decomposed into circulatory and noncirculatory parts. The
steady velocity potential is independent of the unsteady flow field. However, the
strong dependence of the unsteady aerodynamics on the steady effects of airfoil

geometry and angle of attack are manifested in the coupling of the unsteady and

steady flow fields through the unsteady boundary conditions.
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A locally analytical solution is then developed. In this method, the discrete
algebraic equations which represent the flow field equations are obtained from .
analytical solutions in individual grid elements. A body fitted computational grid is pt
utilized, Figure 5, which also shows the profile of the airfoil. General analytical
solutions to the transformed Laplace equations are developed by applying these 4
solutions to individual grid elements, i.e., the integration and separation constants y

are determined from the boundary conditions in each grid element. The complete

flow field is then obtained by assembling these locally analytical solutions.

B :
k

@ RESULTS E
i A series of experiments were performed to investigate and quantify the rotor 0
wake generated high reduced frequency gust aerodynamic response of an airfoil, )

g inclilding the effects of airfoil steady loading, the gust forcing function waveform, ~
g and steady flow separation. To aid in the interpretation of these unique unsteady -
aerodynamic gust data, appropriate predictions from the classical Sears flat plate ',

SE model and the thick, cambered airfoil model of Chiang and Fleeter are also g
E presented. "
X NONSEPARATED FLOW 3
ﬁ A low steady aerodynamic loading condition is established by setting the airfoil E’
at an angle of attack of 0.06 degrees. The data defining the airfoil surface static :

E pressure distributions are presented in Figure 6. There is a smooth chordwise ’

pressure variation on each airfoil surface, with no indication of flow separation.
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Also, there is generally good correlation between the data and the inviscid Chiang-
Fleeter cambered airfoil steady flow prediction, with the exception of the airfoil

leading edge region.

The aerodynamic gust waveform is characterized by the ratio of the first
harmonic chordwise to normal gust component (u*/9%). The effect of the gust
-waveform on the unsteady aerodynamic response of the airfoil is considered by
establishing compressor configurations such that the airfoil angle of attack and
steady surface static pressure distributions are maintained per Figure 6, but with

the gust component ratio taking on values of 0.19, 0.35, and 0.53, Figure 7.

The effect of the aerodynamic gust waveform on the resulting unsteady pressure

difference data is shown in Figure 8. The profile of the airfoil and, thus, the

surface steady loading distribution, has a significant effect on the unsteady
aerodynamic gust response. In particular, the chordwise variation of both the
magnitude and the phase of the unsteady pressure difference generally exhibit
much better correlation with the cambered airfoil predictions than with those from
the flat plate model. The magnitude data exhibit good trendwise agreement with
the cambered airfoil prediction, with this model typically overpredicting the
magnitude of the pressure difference on the front 30% of the airfoil chord. This is
due to the strong coupling of the unsteady prediction on an accurate

representation of the steady flow field. As previously noted, the steady flow

X

prediction did not exhibit good correlation with the steady airfoil surface static

i

pressure data over the front part of the airfoil. Hence the poor unsteady data-

prediction correlation in this region. Also, the ratio of the first harmonic gust

5 %
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components, (u*/#*), has an effect on both the magnitude and phase of the
unsteady pressure difference, although the general chordwise variation of these

data is not affected.

To investigate the effect of steady airfoil loading on the aerodynamic gust

response, the airfoil angle of attack was increased to 7.6 degrees. The static

a E Aem e W W e e————————

pressure distributions on the airfoil suction and pressure surfaces together with the

steady Chiang-Fleeter predictions are shown in Figure 9. Relatively good

correlation is obtained, although not quite as good as at the lower angle of attack.

Again, the correlation between the data and the predictions is not very good in the i

leading edge region of the airfoil.

The resulting unsteady aerodynamic gust response of the airfoil together with

the flat plate and cambered airfoil predictions for a gust first harmonic component .'

ratio of 0.22 are shown in Figure 10. It should be noted that the reduced frequency,

k,, for these intermediate angle of attack data is increased as compared to the

S O

previously presented low angle of attack data. This is associated with the use of a

{1
! N .
¥ low speed research compressor to generate the aerodynamic gust forcing function.
d 2 . .
'.l‘ :3 Again, the correlation of these complex unsteady pressure data with the cambere .
&
$ . p s s 4s . .
;é ) airfoil predictions is much better than with the flat plate model. In partic:. u- <.
o -

[

chordwise variations of both the magnitude and phase of the unstea v ;- -

e
-

__
I
TS

difference data exhibit good trendwise agreement with the .. -

R

predictions. However, the phase correlation is not quite as g .

-1

loading level, with the magnitude data now overpredicte - .

Y § airfoil. This is again associated with the poor corce.a,
2
R
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surface pressure data and the model over the front part of the airfoil and the

dependence of the unsteady predictions on the steady flow field.

SEPARATED FLOW

Steady flow separation at approximately 35% of the airfoil suction surface was
established by increasing the angle of attack to 14 degrees, Figure 11. The effects
of this flow separation on the unsteady aerodynamic gust response are investigated
by comparing the resulting separated flow gust data with corresponding data
obtained at the previous intermediate airfoil angle of attack of 7.6 degrees where
the steady lift coefficient is nearly the same but the steady flow is not separated.
Also, both the parallel and normal gust comi)onents are maintained to be nearly
identical for these two configurations, Figure 12, with the ratio of the first

harmonic gust components being 0.218.

The resulting first harmonic unsteady pressure difference data are presented in
Figure 13. Also shown is the nonseparated flat plate prediction of Sears. The
cambered airfoil prediction is not presented because of the strong dependence of
the cambered airfoil predictions on the steady flow field and the inappropriateness
of the inviscid steady model for separated flow. The magnitude data for the
separated flow case show somewhat different trends than that for the nonseparated
flow in the leading and trailing edge regions of the airfoil. For the separated flow
configuration, the magnitude data are nearly constant over the front 15% of the
airfoil, whereas the nonseparated data and the prediction indicate a decreasing

amplitude. Aft of 16% chord, the magnitude data show analogous trends, with
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both the separated and nonseparated data decreasing with increasing chordwise
position and attaining a minimum pressure amplitude value at 30% chord, similar
to the previous results. The magnitude data for both cases then gradually increase
to values that are greater than the prediction near midchord, with the
nonseparated data being lower in amplitude up to this point due to the larger
steady surface pressure differences between the suction and pressure surfaces. Both
data sets then decrease with increasing chordwise position, with the separated data
decreased in amplitude relative to the prediction and the nonseparated data. This

is a result of the increased steady loading due to the separation in this region.

The phase data for the separated flow configuration have different trends than
the nonseparated data and the flat plate prediction near the separation point and
in the airfoil trailing edge region. Over the front 20% of the airfoil, the data and
the prediction show analogous trends of l;eing nearly constant, with th;a separated
data increased relative to the prediction and the nonseparated data. Aft of 20%
chord, the separated phase data increase whereas the nonseparated data decrease
relative to the prediction. In the separated flow region, both the separated and
nonseparated data show similar trends. However, at 70% chord the separated
phase data jump to values larger than the prediction and increase with further
chordwise position. On the other hand, the phase data for the nonseparated case
show a gradual increase. Thus, separation affects both the magnitude and phase of

the dynamic pressure difference data, with the primary effect being on the phase.

To further investigate these separation effects, individual suction surface time-

variant pressure signals and their Fourier decompositions are considered. Figure 14
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presents a typical unsteady pressure signal upstream of the separation point and
the unsteady pressure signal at the same chordwise location for a configuration
where the flow is not separated. It is clear that the downstream separation point
affects bo.h the amplitude and waveform of the unsteady pressure. This becomes
more apparent in the spectrums of these nonseparated and separated unsteady
pressures, Figure 15. The separated flow unsteady pressure has a much broader
spectrum than the nonseparated one. This pressure field distortion is most
probably due to the oscillation of the separation point generated by the periodic
serodynamic gusts. This would occur at the same frequency as the forcing

function, but would be out of phase with it.

A completely different trend is found within the separated flow region. Figures
16 and 17 present the unsteady pressure signals for the separated and
nonseparated flow cases for the same chordwise position and their resulting Fourier
decomposition. There is little difference between the separated and nonseparated
unsteady pressures. However, the nonseparated unsteady pressure has slightly
more distortion which results in the higher order harmonics of the Fourier
spectrum. This distortion is due to the steady flow turning and the aerodynamic
loading of the airfoil. Within the separation zone, where there is a constant steady
static surface pressure, the pressure fluctuations generated by the separation point
oscillation are negligible, in contrast to the effect upstream of the separation point.
Such a phenomenon was also noted by Mabey [1972]. The effect of the separation

point oscillation is probably damped out by the mass of recirculating fluid within

the separated flow region. Thus, the unsteady pressure within the separation zone
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is primarily responding to the aerodynamic forcing function.

The influence of the aerodynamic gust forcing function on the airfoil unsteady ¢
aerodynamics when the steady flow is separated is considered by establishing an
additional airfoil configuration where the steady loading is nearly the same, having
an angle of attack on the order of 14.0 degrees, but the ratios of the gust ,
components are different. The airfoil steady surface static pressure distributions
for these two configurations are shown in Figure 18. The airfoil pressure and "
suction surfaces have nearly identical distributions, with a fully separated ﬂ&w
starting at approximately 35% of the chord. Figure 19 shows the aerodynamic .
forcing function to the airfoil. The first harmonic ratios of the gust components,
(a* / #%), are 0.218 and 0.186, with both the normal, ¥, and the parallel, i*, gust v

components having different values. o

The first harmonic unsteady pressure difference data for these two .
configurations, with the nonseparated flat plate prediction as a reference, are
presented in Figure 20. The magnitude data indicate analogous trends over the )
entire airfoil chord, with the 0.188 (4* / #*) data being decreased in value relative
to both the prediction and the 0.218 (i* / ¥*) data. In the trailing edge region the \

0
data correlate well with each other and are decreased relative to the prediction due :
to the high steady loading in this region. The phase data show different trends .
than the previous high loading cases and with each other near the separation point

and the trailing edge. Over the front 25% of the chord, the phase data show the y

same trends, with the 0.188 (4* / %*) data being in closer agreement with the

ﬁ prediction. At 30% chord, the 0.218 (4* / ¥*) data increase in phase whereas the '::
'I
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0.188 (d* /¥*) data continue to show good trendwise correlation with the
prediction. From 40% chord to 60% chord, the phase data correlate with each
other but are decreased in value with respect to the prediction. Aft of 80% chord
the 0.218 (i* / v*) phase data are increased relative to the prediction and increase
with increasing chord. However, the phase data for 0.186 (4* / ¥*) first increase in

phase and then indicate a slight decrease with increasing chordwise position.

SUMMARY AND CONCLUSIONS

A series of experiments have been performed to investigate and quantify the
unsteady aerodynamic response of an airfoil to a high reduced frequency gust,
including the effects of the gust forcing function waveform, airfoil steady loading,
and steady flow separation. This was accomplished by utilizing an axial flow
research compressor to experimentally model the high reduced frequency gust
forcing function, with the last stage stator vane row replaced with isolated
instrumented airfoils. Appropriate data are correlated with predictions from flat

plate and cambered airfoil convected gust models.

At low and intermediate airfoil angles of attack with the steady flow not
separated, the profile of the airfoil and, thus, the surface steady loading
distribution, was shown to have a significant effect on the unsteady aerodynamic
gust response of the airfoil. Also, the ratio of the first harmonic gust components
affects both the magnitude and phase of the unsteady pressure difference, although
the general chordwise variation of these data was not aflected. In adition, the

chordwise variation of both the magnitude and the phase of the unsteady pressure
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difference data generally exhibit much better correlation with the cambered airfoil
predictions than with those from the flat plate model. However, the cambered
airfoil model typically overpredicts the pressure difference magnitude on the front
part of the airfoil. This is due to the strong coupling of the unsteady prediction on
an accurate representation of the steady flow field, with the steady flow prediction
not exhibiting good correlation with the steady airfoil surface static pressure data

over the front part of the airfoil.

The steady flow separation was shown to have a significant influence on the
unsteady aerodynamics on the airfoil surface upstream of the separation point and
also in the trailing edge region. Also, the separation affects both the magnitude
and the phase of the unsteady pressure difference data, with the primary effect
being on the phase data. Consideration of the individual suction surface unsteady
preﬁsure signals and their Fourier decompositions revealed that: (1) the separation
affects the magnitude and the waveform of the unsteady pressure upstream of the
separation point as well as ;ts harmonic content, possibly a result of an oscillation
of the separation point due to the harmonic gust; (2) the pressure signals in the
separated flow region and the corresponding signals with the flow not .separated,
i.e., signals at the same chordwise position, exhibit only small differences; (3) in the
separated flow region, there is a constant steady static surface pressure, with the

pressure fluctuations generated by the oscillation of the separation point negligible.
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IF =5

Re [C;] Im [C,]

C/S=0.10 -0.0809  -0.1575

ISOLATED AIRFOIL | -0.0812 -0.1596
(C/s=0)

Table 1. Predicted unsteady gust response for an isolated
airfoil and a low solidity cascade (k = 5.0)
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Ensemble averaging of unsteady
pressure signals
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ABSTRACT

A locally analytic numerical method is developed to predict the two-dimensional
internal and external steady laminar flow of an incompressible viscous fluid. In this
method, analytic solutions of locally linearized partial differential equations are
incorporated into the numerical solution. This is accomplished by dividing the flow
field into computational grid elements. In each individual element, the nonlinear
convective terms of the Navier Stokes equations are locally linearized, with analytic
solutions then determined. The solution for the complete flow field is obtained by
the assembly of these locally analytic solutions. The nonlinear character of the
complete flow field is preserved as the flow is only locally linearized, i.e.,
independently linearized solutions are obtained in individual grid elements. This

locally analytic numerical solution method is used to analyze the viscous flow in

several internal and external flow configurations, with the prediction of flow
development, reversal, separation, and reattachment demonstrated over a range of

moderate values of the Reynolds number. In particular, three internal and one

¥ 2B

exernal flow configurations are investigated, with predictions obtained for entrance

flow development in a straight channel, the flow through a sudden expansion, i.e.,

3} over a backward step, the flow in a diffuser, and the flow past a flat plate airfoil
4]
over a range of mean flow incidence angle values.
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Superscripts
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Subscripts

(i.J)
P

NOMENCLATURE

boundary constants

local grid velocity constant

local grid velocity constant

step height

channel half-height

reattachment length

dimensionless pressure

Reynolds number

nondimensional velocity in X direction
nondimensional velocity in Y direction
coordinate in mean flow direction
coordinate in normal flow direction
step size in X direction

step size in Y direction

center of grid element

stream function

vorticity

stream function
vorticity

nodal point
particular solution
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INTRODUCTION

The steady laminar flow of an incompressible viscous fluid is described by the
Navier-Stokes equations. Solutions to these coupled nonlinear partial differential
equations are difficult to determine, with exact solutions existing only for very
idealized flow situations. As a result, numerical solution techniques are being
developed. However, when the nonlinear convective terms are significant,
difficulties such as numerical instability and slow convergence are often

encountered.

The various numerical methods differ in the means used to derive the
corresponding algebraic representation of the differential equations. In finite
difference methods, Taylor series expansion and control volume formulations are
typically used, with numerical instability problems overcome by utilizing central
differences for the diffusion terms and upwind, or backward, differences for the
convective terms. In finite element methods, variational formulations and the

method of weighted residuals are employed, with analogous upwind schemes

utilized. In the locally analytic numerical method, analytic solutions to locally

linearized differential equations are incorporated into the numerical method.

The concept of locally linearized solutions of nonlinear flow problems was

developed and used to predict the steady inviscid transonic flow past a thin airfoil

by Spreiter et al., references 1, 2, and 3, and subsequently extended to oscillating

.,.
hY
53

. ,\i\
: airfoils in transonic flow by Stahara and Spreiter, reference 4. Also, Dowell [5] X
O

AN

developed a rational approximate method for unsteady transonic flow which is o

l.l'
. _r 9
, ,jla



broadly related to the local linearization concept. The locally analytic numerical
: technique which is based on the locally linearized solution approach, was initially
E developed by Chen et al., references 8 through 9, for steady two-dimensional fluid
“ flow and heat transfer problems. They have shown that this method has several
advantages over finite difference and finite element methods. It is less dependent
on grid size and the system of algebraic equations are relatively stable. Also, since
the solution is analytic, it is differentiable and is a continuous function in the
solution domain. The disadvantage of the locally analytic numerical method is

that, as will be seen, a great deal of mathematical analysis is required.

In this paper, the two-dimensional steady laminar flow of an incompressible

viscous fluid in both internal and external flow configurations are predicted by

el
._-f\(‘

developing a locally analytic numerical solution method. The flow field is first :"‘:::
o

divided into computational grid elements. In each individual element, the d-":

o

L‘;f nonlinear convective terms of the Navier-Stokes equations are locally linearized, EE-_:,_
o with analytic solutions then determined. The solution for the complete flow field is E:E_
! e
obtained by assembly of these locally analytic solutions. The nonlinear character _i .
NN
@ of the complete flow field is preserved as the flow is only locally linearized, i.e., Eé;
% independently linearized solutions are obtained in individual grid elements. The ?:~_
ability of the locally analytic numerical method to predict viscous flow ;
@ development, reversal, separation, and reattachment, is then demonstrated at ;gj:':

-

moderate values of the Reynolds number by considering several steady internal and

external flow configurations.

»°
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MATHEMATICAL MODEL

The two-dimensional steady laminar flow of an incompressible viscous fluid is

described by the nondimensional continuity and Navier-Stokes equations.

A
X -+ Yy 0 (1a)
au au P 1 |ou 8%
Uog +V oy =- X TR ax2+aY2J (1b)
r .
av av aP 1 | 82v 8%y
UxtV oy =— 3Y+ReL8X2+8Y2 (1¢)

where X and Y are the independent variables parallel and normal to the mean flow
direction, U and V are the corresponding dimensionless velocity components, P is

the dimensionless pressure, and Re denotes the Reynolds number.

The boundary conditions specify that there is no slip between the fluid and the

solid surfaces and that the normal velocity of the fluid is zero on these surfaces.

U=0; V=0 on surfaces (2)

There are three dependent variables, the two velocity components and the
pressure. To reduce the number of dependent variables, the continuity and

Navier-Stokes equations are rewritten in terms of the vorticity, £, and the stream

function, ¥ , Equations 3 and 4.
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(4a)
¥ =0 on boundaries (4b) DU
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The vorticity equation is nonlinear, with the stream function described by a

NN e

Poisson equation which is linear and coupled to the vorticity equation through the

\’-‘I\' "
A\ lj

v sy

vorticity source term.
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‘ LOCALLY ANALYTIC NUMERICAL METHOD

In the locally analytic numerical method, analytic solutions of locally linearized
partial differential equations are incorporated into the numerical solution. This is
accomplished by dividing the flow field into computational grid elements and
linearizing the nonlinear convective terms of the vorticity equation in each
individual grid element. Analytic solutions to the linear equations describing the
vorticity and the stream function in each element are then determined. The
solution for the complete flow field is obtained through the application of the global

boundary conditions and the assembly of the locally analytic solutions in the

LA T L RR L AN LY RS TN R L LA O R A AT AN N A R AN A A AN AN AN




W OSE P 2 555 B S5 B X IR

Y2

e =

3
al

-129-

individual grid elements.

Typical Grid Element

The vorticity and stream function equations are elliptic. Thus, to obtain unique
analytic solutions in the typical grid element schematically depicted in Figure 1,
continuous boundary conditions are required on all four boundaries. However, the
element boundary conditions specify the values of the vorticity and the stream
function only at the eight nodal boundary points. The requirement for continuous
element boundary conditions is achieved herein by expressing the nodal boundary
values in an implicit form as a second order polynomial in terms of the three

known nodal values on each element boundary, Equation 5.

XY, + AY) =af +af X +afX? (5a)
XY, — AY) =bf + bf X + b X2 (5b)
X, + AX,Y) =cf +¢f Y +cf Y? (5¢)
X, — AX,Y) = df + d§ Y + df Y? (5d)
HX,Y, + AY) =af +af X + af X2 (5¢)
WX, Y, — AY) =bY + by X + by X2 (5f) r
WX, + AX,Y) =cf + cfY + cf Y? (5g) ‘
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WX, — AX,)Y) =df +df Y + df Y2 (5h)

where the a; bi, ¢, and d; terms are constants determined from the three nodal

points on each element side.

Vorticity Solution

The vorticity equation is nonlinear because of the inertia terms

9L 9
UBX andVaY.

These terms are locally linearized by assuming that the

velocity component coefficients U and V are constant in each individual grid

element, i.e., locally constant, Equation 8.

A

U=R_e

B
9 V— Re (6)

where A and B are constant in an individual grid element, taking on different

values in each element.

The resulting locally linearized vorticity equation is given in Equation 7.

2 2

X% = aY? X
The analytic solution for the vorticity subject to the appropriate boundary
conditions is obtained utilizing the superposition principle. The vorticity is

decomposed into two components, each having only two nonhomogeneous boundary

conditions.
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X2 + Y2 =A X +B Y

where:

XY, + AY) = A X +BANLE L a8 X +af X2
EXY, — AY) =4 7P bf + biX + b X
(X, + AX,)Y) =0

(X, - AX,)Y) =0

2¢b 24b b b
ax2 ay? oX Yy

where:

XY, + AY) =0

XY, - AY) =0

(X, + AX,Y) =eBAX+BY) £ L £y 4+ ef YY
X, - AX)Y) = eAAX-BY)E 4 dS Y + df Y7

(10)

.....

The general analytic solutions for £* and fb are found by the separation of

variables technique. After application of the boundary conditions for each

component, the analytic solution for the vorticity, Equation 11, is determined by

combining the two component solutions.
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£(X,Y)=e(AX+BY) 3 Cip8inh(D;,X)+Cyqcosh(D, X) [sin(A§,(Y+AY))
>

n=l1

+ [C3n sinh (D,,Y) + C,,, cosh(DZnY)] sin()\fn(X+AX))} (11)
The final algebraic form of the vorticity solution specifies the value of the

vorticity at the center of the element as a function of the neighboring eight nodal

values, Equation 12,

€(X,,Yo) = Z1£(x, + AXY, + AY) + Zp£(X, + AX,Y,) (12)
+ Z36(X, + AX,Y, — AY) + Z,6(X, Y, —AY)

. + Zsé(X, —AX,Y, —AY) + ZgE(X, —AX,Y,)
+ Z7E(X, —AX,Y, + AY)  + Zg€(X, Y, + AY)

W'

where:
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Iy ;
g Zy= (Il - AYz) Elfn
] ”
: 1 13 1 — -— ~
_ I5 ‘
5 Zy= (IIE - AX2 )Efn o
B Zo=gay (U + ay)Bh + oax (T + Ay Eh ’
1§ :
A :
] — ‘.)
| 1 £ 1 e, I 3
Z7 2IAY (If + AY )Efn + 2AX (_12 AX )Efn :
15 X
Zg = (If — 5 )E 1
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e_AAx o0 Sin()\lnAY)
1o 2AY n§l cosh(D,,AX)

AAX oo sin();,AY)
e 1

E;,, = P -
2AY ) cosh(D;,AX)

e—BAY oo sin(h,AX)

Edy = 24X .Ex cosh(D,, AY)

eBAY oo sin(hg, AX)

<

22,

ES =
= 9ax 2 cosh(Dy, AY)
f = nmw
Ma 2AX
nmw
Ma = 2AY
1
2

D, = (A% + B2 +\})

0 |

D2 = (A% + B? + 1)
If = _ayf AYe—B‘Q=,in(x2,,(Y+m())dY

1§ = _ayf AYYe‘BYsin()\:‘,n(Y-!-AY))dY
1§ = _ayS Y2 BYsin(h, (Y + AY))dY
1f = _axS Axe"“‘xsin()\,_,n(X + AX))dX
1 = _axJ " XeMXsin(h, (X + AX))dX

I = _Afo)S(ze_AXsin()\gn(X + AX))dX
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Stream Function Solution

The stream function is described by a Poisson equation which is linear and
coupled to the vorticity through the source term, Equation 4. The locally analytic
solution for the stream function is obtained in a manner analogous to that used to
solve for the vorticity. In particular, the superposition principle is utilized to
decompose the stream function into two components, Equation 13. One component
is described by a homogeneous Laplace equation with nonhomogeneous boundary
conditions, Equation 14. The second component consists of a nonhomogeneous

Poisson equation but with homogeneous boundary conditions, Equation 15.

U = P2 4 b

VEy2 =0

v3(X,Y, + AY) ay +ay X + afXx?

v3(X,Y, — AY) = b + by X + byX?

VA(X, + AX,Y) = ¢f 4+ ¢ Y + cfY?
,Y)

Va(X, — df +dY Y +dy'y?
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Vb = —¢ (15)

V(X Y, + AY) =0
Yh(X,Y, — AY) =0
0
0

The mathematical problem for W2 specified in Equation 14 corresponds directly
to that for the vorticity. Thus, the separated variables solution for W2 is obtained

in an analogous manner to that previously described for £ .

The solution for WP is somewhat more complex in that it is described by a
nonhomogeneous Poisson equation. The homogeneous solution for WP is defined by
a Laplace equation, and is thus also determined by separation of variables.
However, the nonhomogeneous source term for the particular solution is the
vorticity, & ,.which itself satisfies a Laplace equation. Thus, the particular
solution, \[/;‘,’ , is determined by assuming a separated variables Fourier series

solution form, Equation 18.

VEXY) = 3 Fo(Y)sin[ML(X+AX)) (16)

n=1
where )‘l\lr’1 are the eigenvalues of the homogeneous solutions and the function

F,(Y) is unknown.

The particular solution is determined by finding the unknown function F_(Y).

This is accomplished by first expanding the previously determined nonhomogeneous
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vorticity term, specified in Equation 11, in an analogous Fourier series.

= & T

g EXY)= 3 Go(Y)sin[\%(X+AX)) (17)

n=]1

9

-
[ 3

These Fourier series for \I’g and £ are then substituted into Equation 15 which

defines WP, This leads to the following nonhomogeneous second order ordinary

differential equation for the unknown function F,(Y).

d2F
de“ -\ F, =G, (18)

vy 72

This equation is easily solved for F (Y), thereby determining the particular

solution, ‘I/:,’ .

- e g
S,
'xi).‘

T

-
—_—

The complete solution for the stream function, W(X,Y), given in Equation 19, is

obtained by the superposition of the two component solutions, ¥? and Ub after

=y A

application of the appropriate boundary conditions.
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Y(X,Y) = § [[H,,, sinh (\%X) + Hy, cosh(\¥X)] sin A\ (Y + AY))

n=}1

+ Hj, sinh (\LY) + Hy, cosh(A\LY)] sin[A4(X + AX)]
+ [Hsa(MRY) + Hgpeosh(\YY) + Hy, + Hg Y (19)

+ Hy, Y? sin\ (X + AX)]]

The final algebraic form of the stream function specifies the value of the stream
function at the center of the element as a function of the neighboring eight nodal

values, Equation 20.

V(X Y,) = P1¥V(X, + AX)Y, + AY) + P,¥(X, + AX,Y,) (20)
+ PaUX, + AX,Y,—AY) + P,¥(X, Y,~AY)
+ Pg¥(X,—AX,Y,—AY) + Pg¥(X,—AX,Y,)
+ PV (X, —AX,Y, + AY) + Pg¥(X, Y, + AY)
+ QX + AX,Y, + AY) + Qué(X, + AX,Y,)
+ Qal(X, + AX,Y,—AY) + Q4¢(X, Y, —AY)
+ Qsé(X,—AX,Y,—AY) + Qgé(X,—AX,Y,)
+ Q¢(X,—AX,Y, + AY) + Qg&(X,,Y, + AY)
+ Qpé(X,,Y,)

where:
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v =y
1 I3 - I3
Pr= gax (¢ + 2y Bin + 3ax (' + 33 )ES
1Y
- _ v
P2 - (Il AYz) ln
v -
-1 v _1s 7 1 =y I3 v
PS'— 2AY (12 AY)E1n+ 2AX(12 + AX)E2n
., I
Py=(I; - AX2 )E2‘ll{l
v -
D S N N I3
P5 - 2AY (12 AY )Eln 2AX (I2 AX )E2n
R C
P6 - (Il - AYZ )Eln
1 I
= N TV _ 3 \pv
Pr=gay® + AY B 2AX(I2 Ax JEan
L,
Pg=(I; — _AX2 )Eq,
Eg 1y
= (i + ~<E
= xayr 2+ axEm
] y 13\1’
(Vv _ ¥
Q'Z - (E3n A.Yz )( 2AX 2AX2) in
Q=—ti v, 50
= — (1} +
YN'TS AN Sast
Q= 2 ay - I3 EY
YTyt aAxem
Q5 = 4AXAY2 (—12 + E)Eln
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g I*
(N
ﬂ E} ¥ '
v 3 v ¢
Qr = (-1 + SS)E
| 7= daxayr T ax)F %
@ w W -
Qs = —2(1¥ - gy
. 2AY? Axz " L
Loy W :
v LIRA S v -3
Qo = (E3, — ) - )
' n T Ay T gaxe B X
e,
;
: o
BV _ sin(7\,AY) X
B 27 2AYcosh),AX
.
ﬁ BV _ sin(7\y, AX) ';
2 7 9AXcoshh,, AY <
. |
i g4 — —1 + cosh(\;,AY) 1
37 N\ n2aXeosh(),AY) ;
i
ﬁ BV _ —2-2Z,AY?2 + 2cosh();,AY) !
4n — Y,
" AX\E cosh(M,AY)
: 3
ﬁ Computational Procedure 'f
L % N
9 The above technique is applied to adjacent grid elements with the boundary $
RS,
) nodal point considered as the interior point. For a general grid element with ¢
0||
3 center at (i,j), the resulting algebraic equations which relate the values of the \
-
g vorticity and the stream function at the center with their corresponding known f
‘o
5 values at the eight surrounding nodes are given in Equations 21 and 22. oy
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P(i,)) = Pipyj1¥(i+1,j+1) + Py s(i+1,5)
+ Py j1¥(i+1,j—1) + Py ¥(ii—1)
+ Py j-1¥(i-1,j—1) + Py ;¥(i—1,))
+ Py ;+1¢(1—1,J+1) + Py ja(ii+1)
+ Qi1,j+1€(i+1,j+1) + Qpyy ;€(i+1,5)
+ Qit1,j—1&(i+1,j—1) + Q55 £(i,j—1)
+ Qi—1,j—1€(i—i—) + Qi ;¢(i—1,j)
+ Qi—1,j+1€(i—1,i+1) + Q; ;11 €(1,i+1) + Q;;6(1,0)

§(,J) = Zi 41§11 6(141,j4+1) + Z; ) 56(i4+1,5) (22)
+ Zigy 51 €(i+1,-1) + Z; 5 ,€(i,5—1)
+ Z;_y;-1€(i—1,i—1) + Z;_, ;£(i—1,j)
+ Zi_l'j_Hf(i—l,j-l-l) + Zi’j+lf(i,j+1)

These algebraic solutions for the vorticity and stream function are coupled and,
thus, must be solved iteratively. With global boundary conditions applied, the

above interior point solution leads to a system of algebraic equations. These are

given in Equations 23 and 24 for a fixed value of j.
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! - Pi—l,j’p(i—lrj) + '/’(l’-]) - Pid%)-l,j(i'*'l’j) (23) ‘\'r
E = Py jr¥(i+1i+1) + Py s q9(i+1,i—1) + Py 9(i,i—1) b
+ Pi_l’j_ltj)(i—l,i—j) + Pi_l’j_*_l!ﬁ(i—l,j'f-l) b,
ﬁ + Py ¥(ii+1) + Qiyyj418(+L5+H1) + Qpy ;6(+1,5) A
g + Q1+1,]-1€(l+1y1 1) + QU 16(17] 1) :;‘
+ Qi—,j—18(i—1,j—1) + Q;_y ;€(i-1,j) L

: .. ‘

g + Qi—l,j+l£(l Lj+1) + Qu+1£( J+1) + Qi,jf(l’.l) N
) Z;_,5€G—1,5) + €(,5) — Z;4q;€(41,5) (24) S
ﬁ = Ziy1,j+1€(+15+1) + Z;yy j4€(i+1,5—-1) X
‘.\

a + Z;5-1€0,i—1) + Zi_p;_1€(i-1,-1) b
?’; + Zi—l,j—{-lf(i_l’j—*_l) + Zi’j+lf(i,j+1) ::.::_‘
The right hand sides of these two equations are known, i.e., the (3-1) terms are ".

g known from the boundary conditions or the last sweep, with the (j+l) terms :,
}'-é determined from the boundary conditions or the previous iteration. They can be :5-
written as tridiagonal matrices and then solved by Thomas algorithm for all j o

3 N
values. :}.

o r‘

ﬁ To begin the solution process, the stream function solution is first determined «
o

'E; from Equation 23. The constants in this equation, Pij and Qij’ are calculated for ::2
Pkl “-'
. each nodal point. These need only be calculated once as they are the same for all E:
- grid elements and all iterations. This equation is then solved line by line by 5__
N

A Y

g sweeping in the j direction and using the tridiagonal matrix solver with each j held ::
v

- constant. u."
5 a-;:

p
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The vorticity is then determined from Equation 24 using the tridiagonal matrix
solver. After internal convergence is achieved, successive over relaxation is used for
the stream function and the vorticity to expedite the external iterative process.

This whole procedure is repeated until overall convergence is achieved.

RESULTS

This locally analytic numerical solution method is used to analyze the internal
and external two-dimensional laminar flow of an incompressible viscous fluid, with
the prediction of flow development, reversal, separation, and reattachment
demonstrated for moderate values of the Reynolds number. In particular, three
internal and one external flow configurations are investigated, with predictions
obtained for entrance flow development in a straight channel, the flow through a
sudden expansion, i.e., over a backward step, the flcow in a diffuser, and the flow

past a flat plate airfoil over a range of mean flow incidence angle values.

Entrance Region Flow Development

The predicted development of a uniform inlet flow as it progresses downstream
in a channel comprised of two parallel plates is presented in Figure 2 for a
Reynolds number of 10. These predictions were obtained on a 31 x 11
computational grid with AX = AY = 0.1 and internal and external tolerances
for the stream function and vorticity of 1078 and 10™4, respectively. On a Cyber
205 vector processing computer, 79 overall iterations were required, taking 41.5

CPU seconds. The velocity profiles show the boundary layer development along the

length of the plate, with the boundary layer thickness increasing with distance
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from the entrance. Also, presented are the classical fully developed results from

reference 10. As seen, excellent agreement is obtained.

Sudden Expansion (Backward Step)

This example considers the viscous flow in a channel of height 2H which
undergoes a sudden expansion to a channel of height 2(H+h). As the flow
configuration is symmetric about the centerline, the solution is obtained by
considering one half of the channel, i.e., the flow over a backward step. The
abrupt geometry of the step results in the flow separating from the step and

reattaching on the bottom of the flow channel. These separation and reattachment

ouU oV

locations are predicted as follows. The vorticity is defined as £ = — — ——.

ocations are p ows o y £ X 3y
. av

Flow separation from a boundary occurs when Y = (). As the normal velocity is

always zero on the boundaries, = (0. Thus separation from a boundary is

d
X
predicted when £ = 0.

Figures 3 and 4 present the predicted stream function contours for the flow
through channels with inlet to exit flow area ratios of 3:1 and 2:1, h/H = 2 and 1,
respectively, at Reynolds numbers between 10 and 80. These predictions were
obtained on a 71 x 18 grid with AX = AY = 0.05. The internal and external
convergence criteria were 1075 for the stream function while the internal and
external tolerances for the vorticity were 102 and 5x1072 respectively.
Computational time averaged about 310 CPU seconds on the Cyber 205 for all

cases, with an average of 70 overall iterations.
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The stream function contour plots show the flow separation from the side of the
step, Point A, and the reattachment on the bottom of the flow channel, Point B.
Also, the recirculation zone at the base of the step is clearly defined, with a vortex
formed due to the reverse flow. Note that as the Reynolds number is increased, the
separation point moves upward on the step and also reattaches at a point further
downstream. With the predicted locations of the separation and reattachment
points known, the relationship between these two locations can be determined. In
particular, a linear relation between the nondimensional reattachment length from
the step, L/H, and the Reynolds number for these two step geometries is predicted,
Figure 5. This is in agreement with the experimental results of Goldstein et. al.

[11] and also the Navier Stokes numerical solutions of Morihara [12).

Diffuser

The predicted stream function contours for the low througa a diffusing channel
with a 45° angle of divirgence at Reynolds numbers of 10 and 15 are presented in
Figure 6. The tolerances for the stream function and vorticity were 104 and
10_2, respectively, fequir'mg 52 overall iterations and 64.8 CPU seconds. This
internal flow configuration demonstrates flow separation and reattachment
resulting from the strong adverse pressure gradient in this highly divergent

channel. The separation and recirculation regions are predicted, with the

separation location moving downstream as the Reynolds number is decreased.
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Flat Plate Airfoil

Predictions of the flow past a flat plate airfoil at mean flow incidence angles of
0°, 12° and 18° and Reynolds numbers between 100 and 1,000 are presented
in Figures 7 through 13. In these figures, the overall features of the flow field are
shown in the form of stream function contours, with vorticity distributions on the
airfoil surfaces used to quantify the regions of flow separation. In particular, the
stream function contours qualitatively show the separation region with the vorticity
distributions on the upper and lower surfaces of the airfoil showing the exact
locations of the flow separation and reattachment. When the vorticity is zero, the

flow separates from the airfoil surface, with reattachment predicted when the

vorticity again takes on a zero value.

For these predictions, a 45 x 35 grid with AX = AY = 0.025 was utilized.
The convergence criteria for the stream function was 104 while the internal
tolerance for the vorticity was 1072 and the external convergence criteria was
5x1072, Computational time on the Cyber 205 ranged from 565.8 CPU seconds
for a Reynolds number of 100 at 0° of incidence, requiring 163 stream function -
vorticity iterations, to 1105.8 CPU seconds requiring 321 iterations for a Reynolds

number of 1000 at an incidence angle of 12°.

At each incidence angle, the thickness of the boundary layerldecreases as the
Reynolds number increases, as expected. Also, at 0° of incidence, the flow does
not separate from the airfoil, as seen in Figures 7 and 8 for Reynolds numbers of
100 and 1,000, respectively. However, as the incidence angle is increased, regions of

separated flow are predicted, with the characteristics of the separation at each
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incidence angle a function of the Reynolds number. '

o

At 12° of incidence, no flow separation is found at a Reynolds number of 100,

e

Figure 9. However, increasing the value of the Reynolds number is seen to result in

separation. At a Reynolds number of 500, Figure 10 shows that the flow separates

B o L WM OB B

from the airfoil at approximately 40% of the chord and reattaches near the trailing 4

edge. Increasing the Reynolds number to 1,000 results in the flow separation

@ 3
J position moving forward to approximately 25% of the airfoil chord and the
;’% reattachment point moving just slightly forward, Figure 11. 4
g The effect of Reynolds number on flow separation and reattachment on the
i airfoil is further demonstrated at; an incidence angle of 18°. At a Reynolds number
i of 100, Figure 12 shows that the flow separates from the airfoil near midchord, with y
g reattachment indicated at approximately 80% of the chord. Increasing the 3
Reynolds number to 500, results in moving the separation point forward to 10% of ;
g the chord, with reattachment moving rearward to approximately 95% of the chord, Y
ﬁ Figure 13. l'
B SUMMARY AND CONCLUSIONS A
g A locally analytic numerical method has been developed to predict the two- '
N dimensional internal and external steady laminar flow of an incompressible viscous \
o fluid. In this numerical method, analytic solutions of locally linearized partial :\
2 :

diflerential equations are incorporated into the solution. This is accomplished by

element, the nonlinear convective terms of the Navier-Stokes equations are locally

ﬁ dividing the flow field into computational grid elements. In each individual Y
m
L
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linearized, with analytic solutions then determined. The solution for the complete

flow field solution is obtained by the assembly of these locally analytic solutions.

W VW WE
- &S

-
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-

The ability of this locally analytic numerical solution to predict flow

1

development, reversal, separation, and reattachment at moderate values of the

Ao

Reynolds number for both internal and external flow configurations was then

"

demonstrated. This was accomplished by utilizing this numerical solution

]
e
-

technique to predict the developing flow in a straight channel, the flow through a

5 Ay
Par X

sudden expansion, i.e., over a backward step, the flow in a diffuser, and the flow

Vil e

H
-

past a flat plate airfoil over a range of mean flow incidence angle values.
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Figure 1. Typical computational grid element
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ABSTRACT : :

. A complete first order model is formulated to analyze the effects of steady loading on =
g the incompressible unsteady aerodynamics generated by a two-dimensional gust ,- ‘
convected with the steady mean flow past an arbitrary airfoil at finite nonzero angle of ‘”

g attack. A locally analytical solution is then developed in which the discrete algebraic la
equations which represent the flow field equations are obtained from analytical solutions :

% in individual grid elements. The unsteady flow field is rotational, and is linearized ':::.
@ about the full potential steady flow past the airfoil. Thus, the effects of airfoil geometry '3:
and angle of attack are completely accounted for through the mean potential flow field. é\jﬁ

E The steady flow is independent of the unsteady flow. However, the strong dependence :::"3

of the unsteady flow on the steady effects of airfoil geometry and finite angle of attack ;

% are manifested in the unsteady boundary conditions which are coupled to the steady Ef"
a flow. A body fitted computational grid is utilized. Analytical solutions to the ;
transformed flow equations in individual grid elements are then developed, with the .

% complete solution obtained by assembling these locally analytical solutions. This model %

and locally analytical solution are then applied to a series of airfoil and flow

g configurations. The results demonstrate that accurate predictions for the unsteady f-‘“
ﬁ aerodynamic gust response are obtained only by including the coupled steady flow {:t
‘ effects on the unsteady aerodynamics. Thus for cambered, or cambered and’thick :"
g airfoils ..t zero or finite angle of attack, or a thin flat plate airfoil at a nonzero angle of _,f
attack, the model and solution developed herein accurately predict the gust response. :"_:_::.

g It was also demonstrated that the classical small perturbation combined transverse and N

g chordwise gust models yield accurate predictions only for the special case of a thin flat .‘;&

plate airfoil at zero angle of attack, i.e., only when the chordwise gust is zero. :\; :

. 4
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NOMENCLATURE
airfoil semi-chord, ¢/2
airfoil chord
angle of attack
far field uniform mean flow
far field uniform mean flow velocity
gust amplitude
gust harmonic frequency
gust propagation direction vector
reduced frequency, wb /U,
transverse gust wave number
complete flow field
steady mean flow
harmonic gust generated unsteady flow
steady velocity potential
nondimensional chordwise coordinate, x/b
nondimensional normal coordinate, y/b
polar coordinate
steady flow circulation
surface unit normal
rotational unsteady flow field
potential unsteady flow field
unsteady pressure associated with rotational flow

chordwise gust component

transverse gust component
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unsteady harmonic gust potential
circulatory gust velocity potential
non-circulatory gust velocity potential
unsteady circulation

airfoil upwash

function describes airfoil profile
unsteady pressure associated with potential How
total unste_ady pressure

transformed chordwise coordinate
transformed normal coordinate
transformed coordinate functions

source term contains the cross derivative term,

3*¢/9¢€an.

shorthand representation for velocity potential
$,, Yne ¥

transformed velocity potential

upper surface

lower surface
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INTRODUCTION

The aerodynamic response of an airfoil to a gust is of significance to unsteady
aerodynamics, aeroelasticity, and acoustics. However, unsteady aerodynamic gust
models have typically been restricted to thin airfoil theory, with the unsteady gust
disturbance assumed to be small as compared to the mean steady potential flow field.
In addition, the airfoil is considered to be a flat plate at zero incidence. Thus, the
unsteady aerodynamics become uncoupled from the steady flow, leading to a model
wherein the flow is linearized about a uniform parallel flow. Such models have
considered convected gusts transported with the mean velocity of the flow, including
both transverse gusts, Sears (1), and linearly combined transverse and chordwise gusts,
Horlock [2], with the application of isolated airfoil theories to turbomachines discussed
by Horlock and Naumann and Yeh [3]. Unfortunately, these linearized models are only
approximate, having neglected second order terms. Thus, they cannot be extended to

finite angles of attack or realistic cambered profiles, i.e., loaded airfoil designs.

In many applications, for example aircraft wings and turbomachines, airfoils with
arbitrary shape, large camber, and finite z;ﬁgles of attack are required. It is quite
apparent that the thin airfoil approach is not adequate for such applications. In this
regard, Goldstein and Atassi [4] developed a theory for the inviscid incompressible flow
past an oscillating airfoil or an airfoil subject to an interacting periodic gust. The
theory assumes that the fluctuating flow velocity is small compared to the mean
velocity, with the unsteady flow linearized about the full potential steady flow past the

airfoil which accounts for the effects of airfoil geometry and angle of attack.

All of the above noted unsteady aerodynamic models utilize classical airfoil
techniques, resdlting in analytical solutions. Thus, solutions in the form of integral
equations are obtained for the unsteady lift, not the unsteady pressure distribution on

the airfoil surfaces which is the fundamental dependent variable. Although such
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classical models and integral solution techniques are certainly important, the
development and use of computers and numerical methods enables the mathematical
modeling to be extended and enhanced. For example, the results presented by Goldstein
and Atassi are limited to zero thickness airfoils which have analytical solutions for the
steady flow field. However, numerical methods require that the flow field equations be
approximated by a set of finite difference equations determined from expansions of

appropriate variables. Thus, truncation errors are introduced into the numerical

solutions.

In this paper, a complete first order model is formulated, i.e., the thin airfoil
approximation is not used, to analyze the effects of steady loading on the incompressible
unsteady aerodynamics generated by a two-dimensional gust convected with the steady
mean flow past an arbitrary thick, cambered, airfoil at non-zero angle of attack. The
unsteady flow field is considered to be rotational, and is linearized about the full steady
potential flow past the airfoil. Thus, the effects of airfoil thickness and camber as well
as mean flow angle of attack are completely accounted for through the mean potential
flow field. The steady potential flow field and the unsteady potential flow component
are individually described by Laplace equations, with the unsteady potential
decomposed into circulatory and noncirculatory parts. The steady velocity potential is
independent of the unsteady flow field. However, the strong dependence of the
unsteady aerodynamics on the steady effects of airfoil geometry and angle of attack are

manifested in the coupling of the unsteady and steady flow fields through the unsteady

boundary conditions.

A locally analytical solution is developed. In this method, the discrete algebraic
equations which represent the flow field equations are obtained from analytical solutions
in individual grid elements. Thus, this locally analytical method relates classical fluid
mechanics and modern computational techniques. A body fitted computational grid is

utilized. General analytical solutions to the transformed Laplace equations are

-o.

ALl dn e S RSN W

.

WOAAE XYY rvw. %

_v....‘-..';.‘-_;

. e - T LT
A A A oz

XA



§
)

DU RPN

LA

<
b B

K
.

[

a3 BX

A R RN MANTANRTEN N *8,878 2. a* N LA bt atta Walu . s W - -

-170-

developed by applying these solutions to individual grid elements, i.e., the integration
and separation constants are determined from the boundary conditions in each grid
elements. The complete flow field is then obtained by assembling these locally

analytical solutions.

-The concept of locally linearized solutions was applied to the problem of the steady
inviscid transonic flow past thin airfoils by Spreiter et al, references 5, 8, and 7, and
subsequently extended to oscillating airfoils in transonic flow by Stahara and Spreiter,
reference 8. Also, Dowell developed a rational approximate method for unsteady
transonic flow which is broadly related to the local linearization concept, reference 9.
The locally analytic numerical method for steady two-dimensional fluid flow and heat
transfer problems was initially developed by Chen et. al., reference 10 through 12. They
have shown that this method has several advantages over the finite difference and finite
element methods. In particular, it is more accurate as no truncation errors are
introduced, less dependent on grid size and the system of algebraic equations are
relatively stable. Also, since the solution is analytical, it is differentiable and is a
continuous function in the solution domain. The disadvantage is that a great deal of

mathematical analysis is required before programming.

MATHEMATICAL MODEL

The flow of a two-dimensional unsteady aerodynamic gust past a thick, cambered,
airfoil at finite angle of attack «, with respect to the far field uniform mean flow,
U °°=U°°f, is depicted schematically in Figure 1 together with the dimensionless
cartesian coordinate system. The periodic gust amplitude and harmonic frequency are
denoted by A and w, respectively. The two-dimensional gust propagates in the direction
X = klf + kzj, where k, is the reduced frequency and k, is the transverse gust wave

number, i.e., the transverse component of the gust propagation direction vector.

The complete flow field, 2 (x, y, t), is assumed to be comprised of a steady mean
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g flow and an harmonic gust generated unsteady flow field. -;E
",
"
2 (x,7,t) =2 o(x, y) + 2 g(x, ¥) exp [ikyt] (1) Z
' !
| STEADY FLOW FIELD ]
3 R
The model for the steady flow field analyzes the incompressible flow past a thick, 2
g cambered, airfoil at finite angle of attack. As the steady flow is assumed to be a 3:
potential flow, it is described by the following Laplace equation. E-" I‘
]
: i
: Vb, (x, y) = 0 (2) ®
: ;
The boundary conditions require that the far field steady flow is uniform and that ‘::l
E the normal velocity is zero on the airfoil surfaces. "-
3
:::;
['é o'
g  lasgad = Voo x + A (3a) a
2 0,
9%, )
a Y |ietoit = 0 (3b) |
o
§ where U_, is the magnitude of the far field uniform flow, I' is the steady flow circulation, '
l* Y
0 is the standard polar coordinate, and fi denotes the surface unit normal. i;
g The Kutta condition is also applied. It is satisfied by requiring the velocities on the 3:‘_
o
% upper and lower airfoil surfaces to be equal in magnitude at the trialing edge. j
~
!

l2 e =12 11 (4)

where TE, + and - denote the airfoil trailing edge and the upper and lower airfoil

"i“)'(

surfaces, respectively.

.ﬁ-‘-‘.' ..J-_,". a,
L
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The steady circulation, I, is determined from the velocity potential discontinuity oy

o

% along the airfoil wake dividing streamline. o

’.'..

. N "~
;& A¢ankc - (b: - &, = =4 q)o’TE (5) S
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UNSTEADY FLOW FIELD

The harmonic unsteady flow field is determined by decomposing the gust generated
unsteady flow field into harmonic rotational, 2 g, and potential, 2 p, components.
2¢=2x+25p (6)

The two-dimensional gust is defined by the rotational component. Thus, the
unsteady rotational flow is independent of the unsteady potential low component.

However, the unsteady potential component is coupled to the rotational component. As

a result, the unsteady rotational flow field defined by the gust must be determined first.

Unsteady Rotational Flow Field

Rotational flows are described by the Euler equations. In this case, the unsteady
rotational flow field is determined from the following set of linearized unsteady Euler

equations, determined by linearizing the unsteady flow about the steady flow field.

V’Q R= ] (73)

D 1
3%93+9EVWQ9=—XVPR : (7b)

where B:T ()= g?( )+ 2 V() and Py is the unsteady pressure associated with the

rotational gust flow field.

The gust is assumed to be convected with the steady mean flow past the airfoil and,
therefore, does not interact with the airfoil. The following solution for the rotational

gust is thus determined by solving the linearized Euler equations in the far upstream

where the steady flow field is uniform.

2p=uti+vt] (8)

where ut = —A k, exp [ik;(t—x)—ik,y] and v* = A k, exp [ik,(t—x)—ik,y].
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It should be noted that in this gust solution, the components u* and v* are coupled,

with the ratio of their amplitudes being u*/v* = —k,/k,. Also, this solution
corresponds exactly to the Sears transverse gust when k, =0, ie., u* =0 and
vt = A k, [exp ik,;(t—x)]. However, this gust solution differs from that used in the
Horlock and Naumann and Yeh models in which: (1) the two gust components are
uncoupled, u* = u* exp [ik,(t—x)] and v* = v* exp [ik,(t—x)] where u* and ¥v* denote
the individual amplitudes of the two gust components; {2) the gust and resulting

unsteady aerodynamics are independent of the transverse component of the gust

propagation direction vector ¥ = klf + kzj.

With the unsteady rotational flow field determined, Equation 8, the resulting
unsteady pressure due to the rotational gust flow field is determined in terms of the

steady flow field from the following form of Equation 7b, the linearized unsteady

momentum equation.

02 »
VPp=—p |V@,25) + 1 - 2,x(Vx2p) ()

Potential Unsteady Flow Field

The unsteady harmonic gust potential flow component, <I>£;, is described by a
Laplace equation. The solution is determined by decomposing this potential function
into circulatory and noncirculatory components, ®c(x,y) and Pync(x,y), each of which is

individually described by a Laplace equation.
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9 p = E—- i+ —g- (10a) i
bg = & + [ &yc (10b)
Vg =0 ; Vidye =0 (10¢) B
where [ is the unsteady circulation. !‘
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: @ Boundary conditions must be specified in the far field, on the airfoil surfaces, and on ‘;:
>,
)
! the wake dividing streamline for the circulatory and noncirculatory components. -
In the far field, the potential part of the unsteady flow vanishes. "
ﬁ P tarserd =0 (11a) ;
' »
g P tartela =0 (11b) i
g The airfoil surface boundary conditions specify that the normal velocity of the flow
field is equal to that of the airfoil. “
a
8 0%, . 3
on airtoir = 0 (12a) :
T .
8¢NC -/
i~ —3;—| sirfoil = W(x,y) = Upwash (12b) -y
% -

The gust generated unsteady rotational and potential flow fields are coupled through

"

the boundary conditions on the noncirculatory unsteady potential. In particular, the

e TSN,

| 4

:}' airfoil is stationary, with the rotational gust defined in Equation 8 convected with the "
L 'a-.
mean steady flow field. Thus the upwash on the airfoil, W’(x,y), is determined by b
g requiring the normal component of the unsteady flow field to be zero on the airfoil. Ny
A
"
7 , : ]
“ ®nc ~
dn lairtoit = W(xy) =825 3
o -
o -
- or e
l" ::_
o" af 4
Wix,y) = A(g ky + k) exp[—i(k;x + kyy)) (13) o
~ ;
- where f(x) specifies the airfoil profile. «','. ;
v .
) The boundary conditions along the airfoil wake dividing streamline are specified in
‘ X
Equation 14. The noncirculatory velocity potential is continuous. The circulatory Y
3 *-
o
. ]

%
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component is discontinuous, with this discontinuity specified by requiring the pressure

S el ".l‘.

R T T T ]

to be continuous across the wake and then utilizing the unsteady Bernoulli equation to

relate the velocity potential and the pressure.

Ade | 1are = expl—ik,(x—1)] (14a)

Aq’l"‘C |wake =0 (14b)

The Kutta condition is also imposed on the unsteady potential flow field by requiring

no unsteady pressure difference across the airfoil chordline at the trailing edge. The

corresponding relation for the trailing edge unsteady velocity potential difference is then

determined from the unsteady Bernoulli equation.

V&, Vg + ik, ] rg = (VI Vg + ik P I1g (15b)

where P is the unsteady pressure associated with the unsteady potential flow field.

The unsteady dependent variable of primary interest is the unsteady pressure Pé,

from which the unsteady aerodynamic lift on the airfoil is calculated. It is determined

from the solution for the steady and unsteady velocity potentials, the unsteady

Bernoulli equation, and the unsteady rotational gust pressure Py, specified in Equation

&5 <l

Pg = — V&, Vb — ik, $g + Py
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COMPUTATIONAL DOMAIN

Computational Grid

oy PR
P
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The boundary fitted computational grid developed by Thompson, Thames, and

)
."’ bJ

[

Mastin, reference 13, is utilized for the numerical solution because of its general

71O s
I 4

availability. This method permits grid points to be specified along the entire boundary
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g Py,

of the computational plane. As depicted in Figure 2, the boundary in the physical plane ]

]

' is denoted by the curve a-b-c-d-e-f-g-h-i-a and encompasses the airfoil, its wake, and 3

Iy v

the far field. The application of this grid generation technique results in a smoothly .

v

g spaced, nonoverlapping grid at the interior points in the transformed (£,7) plane. A : 'a

O

typical boundary fitted grid for a Joukowski airfoil is shown in Figure 3. »

"

g" The complete flow field is described by the steady velocity potential, $,(x,y), and the I;E
ﬁ gust generated unsteady velocity potential which has two components, q?]'qc(x,y) and <

“

CPé(x,j). These three velocity potentials are each individually described by Laplace '

Wy

ﬁ equations, as specified in Equations 2 and 10. In the transformed (£,7) coordinate ;'\.‘:
)

ﬁ system, these Laplace equations have the following nonhomogeneous form. ::‘:

) |

a2 9 9 ;

+ a —2af -2 =F(&n 17 ~3

g aez 6772 n ae (6 ) ( ) “:’

where @ is a shorthand method of writing these three velocity potentials in the N

a transformed plane, i.e., § denotes D4(€,n), Snc(£,7) or Bc(€,n) ; F(€,n) contains the cross it
.

g derivative term 323/86317, and the coefficients o, 8, and ~ are functions of the .,-\,

\ ¢

b transformed coordinates £ and 7 and are treated as constants in each individual grid A

element.

Q)
Y
Analytical Solution N

To obtain the analytical solution to the transformed Laplace equation, it is first

w3 B A
=5

rewritten as a homogeneous equation by defining a new dependent variable #&,n). Z:_:':

" o) ) ;-".—
: +a -(F+aff)p=0 18 -

% R il ) (18) 3

D% ¢

A F(y§ + o
, where ¢ = & exp ['yE + On| - F(y€ + Bn). :
g 2(¥ + af?) X

no i

The general solution for § is determined by separation of variables.

(- 7
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HEm) = (A, cos(A§) + Agsin(AE)] x B, cosh(un) + B, sinh(un)] (19)

where 4 =[(V* + af + 2\?)/a|'/? and ) A,, A,, B, and B, are constants to be

determined from the boundary conditions.

LOCALLY ANALYTICAL SOLUTION

Analytical solutions in individual computational grid elements are determined by
applying proper boundary conditions on each element to evaluate the unknown
constants in the general velocity potential solution, Equation 19. The solution of the
global problem is then determined through the application of the global boundary

conditions and the assembly of the locally analytical solutions.

Grid Element Boundary Conditions

A typical computational grid element is schematically depicted in Figure 4. The
local element boundary conditions specify the values of the various velocity potentials
at the eight boundary nodal points. However, to obtain unique analytical solutions to
the Laplace equation in this element, i.e., determine the values of the integration
constants in the general solution for each element, continuous boundary conditions are
re'quired on all four boundaries. For numerical purposes, these boundary conditions are
expressed in an implicit formulation in terms of the three known nodal values on each
element boundary. In particular, a combination of a linear and exponential function

are utilized on each boundary as they satisfy the Laplace equation.

HEN) = afV et +afV € +afY (20a)
H1,n) = af) e + afln + af? (20b)
HE—1) = af¥ e +afd € + a? (20¢)
H—1m) =af " +af n +a{Y (20d)
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where the constants a}i), aéi) and a:‘i) are determined from the known values at the

three nodal points on each boundary.

Grid Element Analytical Solutions

The general analytical solution to the Laplace equation given in Equation 19 is valid
in individual grid elements as well as over the complete flow region. To determine the
relationship between the velocity potential at the center of the typical grid element,
Figure 4, and its surrounding values, the superposition principle is used to decompose

the solution for @ into four components, each having only one nonhomogeneous

boundary condition.

Hem) = 3 {An, sinh (py(n + 1)) sin (\(€ + 1)) (21)

ne=l

+ Ay, sinh (i(n — 1)) sin (A(€ + 1))
+ Ay, sinh (i, (€ + 1)) sin (\(n + 1))

+ A, sinh (uy (€ —1)) sin (% (n + 1))}
where )\, = %’L sty = ((F + Ba+ /)2 ; py =+ Fa+ Na)/?

The application of the local boundary conditions, Equation 20, together with the
orthogonality of the Fourier series leads to the following values for A,
Am = Cyai ¢(1’1) + Capi ¢(1’0) + Cyyi ¢(l’“1) (22)

+ Clni ¢(0,—1) + CSni ¢("“11_1) + Coni ¢(_1’0)

+ C7ni ¢ (_191) + C!ni ¢(0,1)

where the conmstants C,,; ....., Cgp; are functions of the a,(i), a{i) and a&i) boundary

constants.

With the analytical solution in an individual grid element thus specified, Equations
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21 and 22, the value of & at the center of the element can be written as follows.

30,0) = 3 {[(An. — A,) sinh(u,) (23)

n=1
+ (Ag, — A,) sinh (py)] Sin(M)}

Substituting for the A, terms from Equation 22 leads to the following.

..

#0,0) = C; #(1,1) + C, 3(1,0) + C3 #1,—1) + C; #0,~1) (24)
"+ Cg 3(—1,—1) + C4 #(—1,0) + C; #(—1,1) + C4 #0,1)
where the constants C;, C;, veeey C; are functions of the afi), a}i), and a&i) boundary

constants as well as the transformed coordinate functions «, £, and ~.

This solution for @ at the center point is rewritten in terms of the original dependent

variable @ , in Equation 25.

#0,0) = C, #(1,1) + C, 1,0) + C; F(1,—1) (25)
+ C¢ #0,—1) + Cs H(—1,—1) + C4 —1,0)
+ Cy $(—1,1) + Cq $0,1)

where the constants C,, C,,...., Cy are again functions of the ap), asi), and af) boundary

constants as well as the transformed coordinate function o, 5, and ~.

Thus, the local analytical algebraic equation relating the value of the velocity
potential at the center of the computational element to its neighboring eight known

nodal values has been completely determined.

Computational Procedure

The above technique is applied to adjacent grid elements, with the boundary nodal

point considered as the interior point. For a general grid element with center at (i, j),
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the resulting algebraic relation between the center value of the velocity potential and

its eight surrounding nodal values is given in Equation 286.

PR WP .

,.‘“.

Hiri) = Ciy1j41M(i+1, j+1) + Ciyyj Hi+1,)) (26)

+ Ciy1j-1 Hi+1, j—1) + C;j—y &(ii—1)

+ Ci_yj—1 #(i—1, j—1) + Ci_y; #(i—1,)

+ Ci_pj+1 Hi—1, j+1) + C; 4y Hij+1)
where 2 <i <ipyy =1, 2 <j <Jjmax —1 and ¢;; are functions of the af), aj), and af) i
boundary constants as well as the transformed coordinate functions o, £, and ~.

The global boundary conditions are specified in Equation 27.

Cr e T
-

7 AA

g :-'_»_‘

$(i,l) I asirfoil surface = UpwaSh 1 S i_<_ imu (278)
Hisimax) | rartoia = Free Stream 1 < < iy (27b)
a(imu,j) 'vuke = Upper Wake 1 <j <jpay (27¢)
B(1.0) | waxe = Lower Wake 1 <j < jmas (27d)
a These global boundary conditions together with the interior point solution specified
& in Equation 28 for & (i,j), where 2 <i<ip,,—1, and 2 <j <jpx — 1, lead to a
& system of algebraic equations. For a fixed j value:
- —Ci_yj Hi—1,j) + &(i.j) — Ciyyj Hi+1j) = (28)
WY
o]

Cisrjn®i+L,j+1) + Ci_y j Hi—1,5+1) + C; 5., H(i,j+1)
+ CiypjmMi+1,j—1) + Ci_y jo H(i—-1,j—1) + C; ;1 Hiji—1)

[ 0

PRS2 S Mol T TR I NG PR P )
Yy oot
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The right hand side of this equation is comprised of known quantities, i.e., the (j-1)

terms are known from the boundary conditions (j=2) or the last sweep, with the (j+1)

=

’
t

terms determined from the boundary condition (j=j,,, — 1) or the previous iteration.
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Equation 28 can be written as a tridiagonal matrix, with the matrix solved by
Thomas algorithm for all j values (2 < j<jp,, — 1). This procedure is then iterated by

successive over relaxation until the entire solution converges.

MODEL & SOLUTION TECHNIQUE VERIFICATION

To verify this development of the mathematical model as well as the locally
analytical solution technique, predictions from this model are correlated with classical
zero angle of attack gust analyses. As these classical solutions are integral solutions,

the unsteady aerodynamic lift is considered.

The transverse gust solution of Sears [1] is obtained by setting k, = 0, per Figure 1.
As seen in Figure 5 which presents the real and imaginary parts of the unsteady lift

with the reduced frequency as parameter, excellent correlation is obtained.

The Horlock (2] and Naumann and Yeh [3] analyses consider noninteracting linearly
combined transverse and chordwise gusts convected past flat plate and constant slightly
cambered airfoils, respectively. However, the model developed herein considers two-
dimensional interacting gust components, Equation 8. Thus, for the purpose of this
model and solution technique verification, the interacting gust components specified in

Equation 8 are modified as follows to correspond to the noninteracting chordwise gust.

ut = u* exp [ikl(t—x)} (29a)

vt =0 (29b)
where u* denotes the amplitude of the chordwise gust components.

The excellent correlation of the predictions for the unsteady aerodynamic lift
obtained from the model with appropriately modified boundary conditions and locally

apalytical solution developed herein and both the Horlock (2] flat plate and the

Naumann and Yeh (3| constant slightly cambered airfoils solutions is demonstrated in

Figures 6 and 7, respectively.




T e N an

-

9492 =&

RESULTS

This complete first order flow model for the unsteady aerodynamic response of an
arbitrary airfoil due to a two-dimensional gust and locally analytical solution are
utilized to demonstrate the important effect of the coupling between the steady and the
unsteady flow fields. Also, the limited application range of the flat plate Horlock [2]
and small cambered airfoil Naumann and Yeh (3| combined transverse and chordwise
gust models is also shown. This is accomplished by: (1) utilizing the model and solution
developed herein to predict the unsteady lift due to the two-dimensional gust on a series
of flat plate and cambered airfoils for both zero and non-zero angles of attack over a
large range of reduced frequency values; (2) correlating these predictions with ones
obtained from the corrgsponding appropriate Horlock and Naumann and Yeh models.
These results are presented in Figures 8 through 12 in the format of the real versus the

imaginary components of the unsteady lift with the reduced frequency as parameter.

The effects of thickness and finite angle of attack on the unsteady response of a flat
plate airfoil to a 45° gust are shown in Figures 8 and 9, respectively. Airfoil thickness is
seen to be significant with regard to the unsteady lift only at relatively small values of
the reduced frequency, i.e., thickness aflects only the quasi-steady and steady
aerodynamics. Also, at zero angle of attack the Horlock, which reduces to the Sears
transverse gust model, yields accurate predictions of the unsteady lift. However,
increasing the angle of attack to a finite nonzero value has an effect on the predicted
unsteady lift, seen by comparing the 0° and 10° angle of attack results. Also, the
correlation of the predictions from the model developed herein with the corresponding
chordwise gust Horlock model is not very good. This is due to the coupling of the
steady and unsteady flow fields at non-zero angle of attack and of the coupled two-
dimensional gust included in the flow model developed herein but not in the Horlock

model.
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Figure 10 shows that both airfoil camber and non-zero finite angle of attack have a
significant effect on the unsteady gust response of a zero thickness airfoil over a wide
range of reduced frequency values. Also, the correlations of the predictions from the
model developed herein with the corresponding ones from the chordwise gust Naumann
and Yeh model are poor. Again, this is due to the coupling between the steady and
unsteady flow fields for cambered airfoils and non-zero finite angle of attack and of the

gust included in the flow model developed herein but neglected in the Naumann and

Yeh model.

The combined effects of airfoil camber and thickness and non-zero finite angle of
attack are demonstrated in Figure 11. As expected based on the previous results, these
combined eﬁect§ are important, with the small camber predictions of Naumann and Yeh
resulting in relatively large errors in the predicted unsteady lift. These are due to the
coupling between the steady and unsteady flow fields for cambered airfoils and non-zero

finite angle of attack and of the gust included in the flow model developed herein.

Figure 12 demonstrates that the two-dimensionality of the gust has a significant
effect on the resulting unsteady lift on the airfoil. In particular, over the range of
reduced frequency values considered, altering the gust direction from 15° to 90° results

in relatively large differences in the unsteady aerodynamic response of the airfoil.

SUMMARY AND CONCLUSIONS

A complete first order model was formulated to analyze the effects of steady loading
on the incompressible unsteady aerodynamics generated by a two-dimensional gust
conve~ted with the steady mean flow past an arbitrary thick, cambered, airfoil at finite
nonszero angle of attack. A locally analytical solution was then developed in which the
discrete algebraic equations which represent the flow field equations were obtained from

analytical solutions in individual grid elements.
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The steady flow field was found to be independent of the unsteady flow field.
However, the dependence of the unsteady aerodynamics on the steady effects of airfoil
geometry and finite non-zero angle of attack were manifested in the coupling of the
unsteady and steady flow fields through the unsteady boundary conditions. A body
fitted computational grid was utilized. General analytical solutions to the transformed
flow field equations were then developed by applying these solutions to individual grid
elements, with the complete flow field solution obtained by assembling these locally

analytical solutions.

This model and locally analytical solution were then applied to a series of airfoil and
flow configurations. The results demonstrated that accurate predictions for the
unsteady aerodynamic gust response are obtained only by including the coupled steady
flow effects on the unsteady aerodynamics. Thus for cambered, or cambered and thick
airfoils at zero or finite angle of attack, or a thin flat plate airfoil at a non-zero angle of
attack, the model and solution developed herein accurately predict the gust response.
It was also demonstrated that the classical small perturbation combined transverse and
chordwise gust models yield accurate predictions only for the special case of a thin flat

plate airfoil at zero angle of attack, i.e., only when the chordwise gust is zero.
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APPENDIX X

VISCOUS AERODYNAMIC ANALYSIS OF AN OSCILLATING FLAT PLATE

AIRFOIL WITH A LOCALLY ANALYTICAL SOLUTION
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VISCOUS AERODYNAMIC ANALYSIS OF AN OSCILLATING FLAT PLATE
AIRFOIL WITH A LOCALLY ANALYTICAL SOLUTION

Linda M. Schroedert and Sanford Fleeter "
Thermal Sciences and Propulsion Center
School of Mechanical Engineering
Purdue University
West Lafayette, Indiana 47907

Abstract

A mathematical model is developed to predict the
unsteady aerodynamics of a Aat plate airfoil executing
harmonic torsional motion in an incompressible
laminar flow at moderate values of the Reymolds
oumbers. The unsteady viscous flow is assumed to be
a small perturbation to the steady viscous flow
described by the Navier-Stokes equations. Solutions
for both the steady and the unsteady viscous flow
flelds are obtained by developing a locally analytical
solution. This model is then utilized to demonstrate
the effects of Reynolds aumber, mean flow incidence
angle, and reduced frequency on the complex unsteady
airfoil surface pressure distributions as well as airfoil
stability.

Nomenclature

CL; imaginary component of lift coefficient

CL, real component of lift component

CMI imaginary component of moment coefficient
CM: real component of moment coefficient
reduced frequency

dimensionless unsteady pressure
dimensionless steady pressure

Reynolds number

nondimensional unsteady velocity in x direction
nondimensional steady velocity in x direction
magnitude of [ree-stream velocity
nondimensional unsteady velocity in y direction
elastic axis location

coordinate in mean flow direction

coordinate in normal fow direction

step size in x direction

step size in y direction

amplitude of airfoil oscillation
nondimensional unsteady stream function
nondimensionsl steady stream function
pondimensional unsteady vorticity
nondimensional steady vorticity

frequency of oscillation
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Introduction

Considerable progress has been made in the
prediction of the unsteady aerodynamics of oscillating
airfoils. These analyses are typically limited to inviscid
potential flows, with the unsteady low assumed to be
a small perturbation tc a upiform mean flow and the
Kutta condition imposed on the unsteady flow fleld.
By considering the airfoils to be zero thickness flat
plates at zero mean incidence, the steady and
unsteady flow fields are uncoupled, with the steady
flow being uniform and parallel.

Unsteady aerodynamic analyses have been
developed which include the eflects of viscosity,
thereby removing the need for the Kutta condition.
Yates (1] formulated an incompressible viscous flat
plate airfoil theory with a sero thickness boundary
layer. Also, the low Reynolds number incompressible
Oseen flow model has been used to calculate zero
incidence oscillating fat plate aerodynamics {2,3|.
These analyses utilize classical aerodynamic solution
techniques, resulting in integral equation solutions.
Although such classical models and solution techniques
are of value, advanced numerical techniques permit
the flow physics modeling to be extended. In this
regard, unsteady viscous flow models are being
developed which march in time, with one primary
interest being the patterns of the unsteady flow, for
example, Mehta and Lavan (4], Thompsoa et. al. 5],
and Wu and Sampath (6]

In this paper, an analysis is developed which
models the unsteady aerodynamics of an harmoaically
oscillating flat plate airfoil, including the effects of
mean fow incidence angle, in an incompressibie
laminar flow at moderate values of the Reynolds
aumber. The unsteady viscous flow is assumed to be a
small perturbation to the steady viscous flow field.
Hence, the Kutta condition is not appropriate for
either the steady or the unsteady 8ow fields. The
steady flow field is described by the Navier-Stokes
equations. It is thus gonuniform and nonligear. Also,
the steady flow field is independent of the unsteady
flow field. The small perturbation unsteady viscous
fow i3 described by a system of linear partial
differential equations that are coupled to the steady
flow fleld, thereby modeling the strong dependence of
the unsteady aerodynamics on the steady fow.
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Solutions for both the steady and the unsteady viscous
flow fields are obtained by developing a locally
apalytical method in which the discrete algebraic
equations which represest the flow field equations are
obtained from analytical solutions in individual local
grid elementa.

Mathematical Model

The two-dimensional flow past an isolated airfoil is
schematically depicted in Figure 1, which also defines
the cartesian x-y coordinate system. For harmonic
time dependence at a frequency w, the nondimensional
forms of the continuity and Navier-Stokes equations
are given in Equation 1.

g, +v,=0 (1a)
ki, + WU, + Vu, = — p; + (U + u,))/Re (1b)
k¥, + UV, + W, = = p, + (Vg + ¥)y)/Re (1¢)

where Re = U_C/v denotes the Reynolds number, and
k » w C/U_ is the reduced frequency.

There are three dependent variablés, the two
velocity components and the pressure. To reduce the
number of dependent variables, a vorticity, §, stream
function, ¥, formulation is utilized.

V'E - ?n + ?yy - Re(k?‘ + E?x + ;-(.y) (2a)
V=3 (2b)

where =¥, —u,and U= ; V= — 7T

Unsteady Small Perturbstion Model

For a flat plate airfoil executing small amplitude
harmonic oscillations, the flow field is decomposed ioto
steady and harmonic unsteady components, with the
steady component assumed to be a small perturbation
to the steady component.

Axyit) = dxy) + ¢ €(x.y) (3a)
Uxy.t) = Wx,y) + e Yxy) (3b)
a(x,y,t) = U(x,y) + '* u(x,y) (3¢)
V(xy.t) = V(x,y) + ¢ v(xy) (3d)
p(x.y.t) = P(x,y) + ¢* p(x,y) (3e)
where

EKoYv<V¥uKU, vV, pKP

The equations describing the steady and unsteady
viscous flow felds are determined by substituting
Equation 3 into Equation 2, and grouping together the
time independent and the time dependent terms. For
the unsteady flow, the second order terms are
neglected as small compared to the first order terms.
Also, as the linearized unsteady flow is assumed to be
harmonic, the exp(it) is dropped, for convenience.

The resulting coupled vonlinear partial differential
equations describing the steady flow f8eld, Equation 4,
are independent of the unsteady flow. The vorticity

equation is noanlinesr, with the stream function
described by a linesr Poisson equstion whick s
coupled to the vorticity equation through the vorticity
source term. The pressure is also described by a linear
Poisson equation, with the source terms dependent on
the steady flow fleid.

Vi = Re(Ug, + vg,) (4a)
W= - (4b)
VP = -2(U,V, - V,U,) (4¢)

The rcesulting coupled linear partial differential
equations describing the unsteady harmonic fow feld
are given in Equation 5. The unsteady flow is coupled
to the steady flow field. [n particular, in both the
unsteady vorticity transport and pressure equatioos,
the variable coefficients are dependent on the steady
flow field with the unsteady stream function coupled
to the solution for the unsteady vorticity.

V*§ = Re(ki € + UE, + V&, + ugy + v¢,) (5a)
V= —¢ (b)
Vip = =2((u,V,+v,U,) ~ (vaUy+u, V)| (5¢)

Steady Flow Boundary Conditions

The steady low boundary conditions specify oo slip
between the fluid and the surface and that the
velocity normal to the surface is zero. [n terms of the

stream function and vorticity, these boundary
conditions are specifled in Equation 6.

¥ = constant on solid surfaces (6a)
fm—Uy= ¥,, oo soiid surfaces (8b)

Unsteady Flow Boundary Conditions

The unsteady boundary coaditions require that the
velocity of the fluid is equal to that of the surfaces.
For a flat plate airfoil executing small amplitude
harmonic torsion mode oscillations about an elastic
axis located at x,, measured from the leading edge,
the linearized normal velocity boundary coadition is
applied oa the mean position of the oscillating airfoil,
and is given in Equation 7.

¥(x,0) = [ik(x ~ x,.)je" (7)
where o is the amplitude of oscillation.

The fluid is viscous. Thus the unsteady chordwise
velocity component must satisfy the no-slip boundary
coadition.

u(x,0) = 0 (8)

The correspooding unsteady stream function and
vorticity boundary conditions are specified from their

definitions and the above unsteady boundary
conditions.

1
¥ (x,0) = — ik a’(%— - x,,) xe" (9a)
€ (x,0) = [ofik — u,(x,0)|e" (9b)
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Locally Analytieal Solutlons

The locally analytical soiutions for the unsteady
and steady viscous flow fields are now developed. In
this method, the discrete algebraic equations which
represent the aerodynamic equations are obtained
from analytical solutions in individual local grid
elements. This is accomplished by dividing the Aow
field into computational grid elements. In each
individual element the nonlinear coavective terms of
the Navier-Stokes equations which describe the steady
flow are locally linearized. The nonlinear character of
the steady flow fleld is preserved as the flow is only
locally linearized, that is, independently linearized in
individual grid elemeats. Analytical solutions to the
linear equations describing both the steady and the

where ai‘, b,‘, c,‘, d,‘ are constants determined from
the three nodal points on each boundary side and the
x and y distances are all measured from the ceater of
the element (x,,y,)-

The analytical solution to Equationa 11 subject to
the boundary conditions specified in Equation 12 is
determined by separation of variables.

dx,y) = 2+ BN'SY {(BE ginh(E,,x) (13)

+ B"I coah(E,.x)]sin(X,‘.(y + ay))

+ [Bfsinh(Ey,y) + BY, coab(Ey,y)isin(Ma(x + Ax))}

unsteady flow fleilds in each elemeat are then ‘]

determined. The solution for the complete flow feld is h .
obtained through the application of the global Steady Stream Function b

boundary conditions and the assembly of the locally The | . . ‘..:
analytic solutions in the individua! grid elements. he locally analytical solution for the stream .

function is obtained by a procedure analogous to that ..c

used for the vorticity. First, the flow region is O

Steady Vorticity subdivided into computations! grid elements. :':
The steady vorticity transport is described by ¥

Equation 4a which is nonlinear because of the
coavective terms Ug, + V¢,. These terms are locally
linearised by assuming that the velocity components U
and V, which are the coefBicients of the vorticity, are
constant in each individual grid element, that is,
locally linearized.

The stream function is described by a linear
Poisson equation which is coupled to the vorticity,
Equation 4b. This stream function Poisson equation
also is elliptic. Therefore, to obtain a unique
analytical solution for the typical grid element,
continuous conditions must be specified on all four
boundaries. As for the vorticity transport equation,

Um 2A Ve 2B (10) continuous boundary conditions are represented in an -
Re Re implicit formulation in terms of the nodal values of

where A and B are constants in an individual grid the stream function by second-order polynomials in x

element, taking on different values in each grid or y a3 measured [rom the element center (x,,y,). X

clement. The resulting locally linearized vorticity Y(x,yo+Ady) = 2} + .," x + ,} x3? {(14) .

equation is given in Equation 11. A

2A¢, + 3B, = ¢y + 65y (11)  Wzo+Axy) =bf +bfy + by y?

5 This locally linearized equation can be solved Y(x,yo—Ay) = c¥ + ¢ x + ¢f x? '
analytically to determine the vorticity, ¢, in a grid ,
element, thereby providing the functional relationships Y(xo—Ax,y) = d¥ +df y + df y? \

;.:. between the vorticity, ¢, in an individual grid element ¢ 1Y pan ) "

" aad the boundary values specified on that grid where a7, b7, ¢, .t.i. are constants d“‘f‘m“d from A

- element. This vorticity transport equation is elliptic. the three nodal points on each boundary side. .
Therefore, to obtain a unique solution for the typical The stream function equation is linear and by

E uniform grid element with center (x,y,), Figure 2, possesses a noshomogeneous term, - ¢(x,y), which Y,

A boundary conditions must be specified on all four couples the stream function to the vorticity. To solve \
boundaries. These boundary conditions are expressed Equation 4b subject to the boundary conditions At
in an implicit formulation in terms of the nodal values specified in Equation 14, it is divided into two :

ﬁ of the vorticity along the boundaries of the element. component problems. Oge problem has a X
A second-order polynomial is used to approximate the homogeneous equation with nonhomogeneous boundary {
vorticity on each of the boundaries. conditions, whereas the second problem has a X

3 nonhomogeneous equation with homogeneous boundary ;

;?c‘ fx,y,+0y) = of + afx+afx (12) conditioas.

.

) I Lt (15) "y
]
‘z"'! f(x,+Axy) = bf + bf y +bf y Problem 1: "
:M qu,s -0 (10)
H )
x,y,—QAy) mcf +¢f x +¢f x
g (7 ! Vix,yo+dy) = af +af x + a2 x? N
] . -h¥ v v
f(x,—Ax,y) = df +df y +df y Vi(xo+Ax,y) = b + by + bf y? :,‘:
™ [
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WHx,yo—Ady) mcf + cfx + ¢ x?
YHx—-Adx,yo) = df +df y + df y?
Problem 2: ’
VWP = —(x,y) (17)

¥o(x,+Ax,y) = 0
Vo(x,—Ax,y) = 0
Vo(x,y,+Qy) = 0

¥o(x,y,—Ay) = 0

The solutions for ¥* and ¥° are then determined
by separation of variables. Steady Velocity and
Pressure

¥(x,y) =

.E. [Blsinh(Ax) + BJcosh(\ax)isin(\(y+Ay))

+ [Bisinb(\Ly) + Bgcosh(May)lsin(rf,(x+Ax))
+ (Ghsinh(M\yy) + Gficosb(ALy) + G{, + Gy

+ GLylsin(M\A(x + Ax))] (18)

The stream function is continuously differentiable
scross the grid element. Hence the U and V velocity
components can be obtained analytically by
differentiating the stream function solution. The
solutions for ¥, ¢, U and V are then used to determine
the pressure in the flow field and on the boundaries.
Thus, the loeally analytical solutions for the velocity
components and the pressure are performed as post
processes,

Unsteady Flow Field

Unsteady Vorticity

The unsteady vorticity is described by a linear
partial  differeatial equation with nooconstant
coeficients, Equation Sa. [an particular, the unsteady
perturbation velocity coefficients u and v vary across
the typical computational grid element. However, the
steady velocity coeficients U and V are known from
the previously determined steady state solution and

are constant ia the typical grid element, as specified in
Equation 10.

To determine the locally analytical solution to the
unsteady perturbation vorticity equation, it s
spproximated as a constant coefficient partial
differentis) equation in individual grid elements. This
is accomplished by assuming that the perturbation
velocities u and v are constant in each element.

g == yvem—— (19)

where A’ and B’ are constant in each individual grid
element, taking on different values in different grid
elements.

Thus, the following linear constant coefficient
partial differential equation defines the unsteady
perturbation vorticity in an individual computational
grid element. '

kiRe § + 24 €, + 2B £, + (2A';, + 2B'¢)) (20)

=fa + &,

To determine the analytical solution in the typical
grid element, Equation 20 is rewritten as follows.

= (24 & + 2B &) + € + {py= S(xyy) (21)
where
S(x,y) = (24’ ¢, + 2B’ ¢, + k'Re’i §)

It is then transformed to an homogeneous equation
by the following change in the dependent variable.
S(Ax + L)
fxy) = £(x.y) +

BI
AAP+ =)

The resulting homogeneous equation is given in
Equation 22.
Vii=2AT, +2B5, (22)

This equation is of the same form as that for the
steady linearized vorticity, Equation 11. Thus, the
solution for T is obtained in a manner exactly

analogous to that for the steady vorticity, ¢, and is
given in Equation 23.

Axai¥o) = 31(xg+A2,y,+Ay){x,+0x,y,+Ay) (23)
+ 13(x,+ A%,y Ji{x, +Ax,5,)
+ 33(x+8x,y,~ Ay )dx, +Ax,y,—Ay)
+ 34X Yo~ AY)(x0) Yo —AY)
+ 25(x,—Ax,y,—Ay){x, —Ax,7,—3y)
+ 39(xg—Ax,y, )X, —Ax,¥,)
+ 3%~ A%y, + 3y )d{x,—Ax,y,+3Y)

+ 14{x5, ¥, +AY)S(0,Ay)

where the coefficients 1, are dependeat on the steady
state velocity components, U and V.,

Unsteady Stream Function

The unsteady stresm [function is described by
Equation 5b. This equation is identical to that for the
steady stream function, Equation 4b. Hence, the
solution procedure is identical to that for the steady
stream function. As the coefficients for the stream
function are only a function of their position in the
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grid element, that is, Ax and Jy, the unsteady
coeficients remain the same as those found previously
for the steady stream fuaction W(x,y,). Thus, the
solution for the unsteady stream [unction is
determined from the steady stream fuaction solution,
Equation 18, by replacing ¥ by ¥ and the steady
vorticity ¢ by the unsteady vorticity £. The algebraic
equation for the value of the unsteady stream function
at the center of the typical element in terms of the
values of the unsteady stream function and vorticity
at its eight neighboring values is given in Equation 24.

UxaYo) = PYUR+AX,Y+4Y) + pfUx +AxY,)  (24)
+ PP U+ AxY,~0y) + p{Uxa¥,—LY)

+ PP U= Ax,y7,—8Y) + pd Uz~ AX,Y,)

+ pPUxo~Ax,y,+4y) + pdUxoYo+LY)

+ a€(xo+8x,7,+4y) + af(xo+Ax,y,)

+ o €lx,+Ax,y,—4y) + af(xo,7,— L)

+ afé(x,—Ax,y,~Ay) + af€(x,~Ax,y,)

+ o €(x—Ax,7,+8y) + af€(xoy,+0Y)

+ aJ€(x,,7.)
Unsteady Velocity and Pressure

The unsteady velocity components u and v are
determined by differentiating the unsteady stream
function, with the locally analytical solution for the
unsteady pressure determined by a post process.

Raesults

The small perturbation unsteady viscous flow
model and locally analytical solution are utilized to
investigate the effects of Reynolds number, mean flow
incidence angle, and reduced f{requency on the
unsteady aerodynamics of a harmonically oscillating
airfoil. Thesa results are presented in the form of the
unsteady pressure distributions on the surfaces of the
oscillating airfoil and the complex unsteady
aserodynamic lift and moment coefficients, defined in
Equation 25.

eml
I (Prowee — puppc)dx
L c=0
CL = 1 Ulkl 1 Ulkl
- L - pc T
27 2’ (25)
cm]
f (Prowee — Puppu)(‘ = X, )dx
M c=0
C“ - 1 - 1
;pe'U’k'w Tpc’U’k'rr

Predictions are obtained on & 50 x 35 rectangular
grid with Ax = 0.025 and Ay = 0.025. Twenty-one
points are located on the flat plate airfoil. The
convergence criteria for the internal and external
iterations for the stream function are both 107¢, with

the vorticity tolerance being 51072, The tolerances
for the pressure iterations are 107 and 10~ for the
internal and external iterations, respectively. The
computational time averaged 440 CPU on the Cyber
205, with an average of 160 iterations for the solutions
of the stream function and vorticity aod an additional
180 iterations for the pressure solution.

The chordwise distributions of the complex
unsteady pressure on the individual surfaces of an
oscillating airfoil at zero, four, and eight degrees of
incidence and Reynolds numbers of 500 and 1,000 are
presented in Figures 3 through 7. The corresponding

classical inviscid Theodorsen predictions (7] are also
shown.

Viscosity has a large effect on the complex
unsteady surface pressures, particularly the real part,
over the front part of the airfoil. One difference
between the two solutions is that the viscous solution
is finite at the leading edge whereas the inviscid
solution is singular. Also, the real part of the inviscid
uasteady pressure is greatly increased in magnitude as
compared to the viscous predictions over the front half
of the airfoil, with the imaginary part of the viscous
and inviscid solutions of approximately the same
magoitude aft of the airfoil inviscid leading edge
singularity. This is due to the differences in the
viscous and inviscid normal velocity boundary
conditions. Namely, the real part of this boundary
condition is dependent on the steady flow axial
velocity component, U, eovaluated on the airfoil
surface. In the inviscid model, this velocity is the
nonszero axial [reestream velocity. However, in the
viscous flow model, this velocity is zero because of the
no-slip airfoil surface boundary condition.

Increasing the Reynolds number from 500 to 1,000
results in a small increase in the absolute magnitude
of the complex unsteady pressuresa on the airfoil
surfaces. It also increases the leading and trailing
edge unsteady surface pressure differences, with a
somewhat larger effect on the imaginary component.

For nonero incidence angle values, neither the real
nor the imaginary components of the chordwise
unsteady pressure distributions are symmetric, with
this nonsymmetry increasing with increasing incidence
angle, as expected. Also, as the incidence angle is
increased, the trailing edge unsteady surface pressure
difference is increased, particularly the imaginary part.

The torsion mode flutter stability of an airfoil is
determined by the imaginary part of the unsteady
aserodynamic moment il there is no mechanical
damping. Thus, the effects of incidence angle,
Reynolds number, and reduced frequency on the
imaginary part of the moment coefficients are
considered in Figures 8 through 11 together with
Theodorsen's inviscid zero incidence results. In

particular, these fixures present the imaginary part of
the unsteady aerodynamic moment coefficient as a

function of the elastic axis location, with the reduced
frequency as parameter at Reynolds numbers of 500
and 1,000 for incidence angles of 0 and 4 degrees.
Also, the effects of Reyuolds number and incidence
angle on the complex unsteady aerodynamic lift and
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moment on an airfoil with a quarter-chord elastic axis
location are given in Table 1.

In an inviscid flow field, the minimum relative
stability is found when the elastic axis is located in
the midchord region of the airfoil. As the reduced
frequency is incressed from 1.0 to 2.4, the relative
stability of the airfoil is decreased, with the location of
the elastic axis for minimum relative stability moving
aft with increasing values of the reduced frequeancy.

Viscous effects ave seen to generally decrease the
relative stability of the airfoil at all elastic axis
locations at both sero and four degrees of incidence.
The largest relative decrease in airfoil stability is
associated with the lower reduced frequency value.
Also, increasing the Reynolds number from 500 to
1,000 resuits in a decrease in the relative airfoil
stability. In fact, at sero incidence, the airfoil
becomas unstable for all reduced frequency values with
an elastic axis located at 75% chord at a Reynolds
number of 1,000. Increasing the value of the incidence
angle results in an increase in the relative stability of
the airfoil. However, at a Reynolds aumber of 1,000
with an elastic axis at 78% chord, the airfoil is still
unstable at s reduced frequency value of 1.0, the
lowest value considered.

Summary and Conclusions

A mathematical model has been developed to
predict the unsteady aerodynamics of a Hat plate
airfoil executing harmonic torsional motions in an
incompressible laminar flow at moderate values of the
Reynolds numbers. The unsteady viscous flow is
assumed to be a small perturbation to the steady
viscous flow which is described by the Navier-Stokes
equations. Thus, the steady flow is nonuniform and
nonlinear and is also independent of the unsteady flow
fleld. The small perturbation unsteady viscous flow
fleld is described by a system of linear partial
differential equations that are coupled to the steady
flow field, thereby modeling the strong dependence of
the unsteady aerodynamics on the steady flow.

Solutions for both the steady and the unsteady
viscous flow flelds are obtained by developing a locaily
analytical solution. In this approach, the discrete
algebraic equations which represent the fow field
equations are obtained from analytical solutions in
individual local grid elements. The complete Aow field
solutions are then obtained through the application of
the giobal boundary conditiona and the assembly of
the local grid element solutions. This model and
locally analytical solution were then utilized to
demonstrate the eflects of Reynolds aumber, mean
flow incidence angle, reduced frequency value, and
elastic axis location on the complex unsteady airfoil
surface pressure distributions and also on the torsional
stability of the airfoil.

Viscosity was shown to have a large effect on the
complex unsteady surface pressures, particularly the
real part, over the front part of the airfoil. Also, the
real part of the inviscid unsteady pressure is greatly
increased in magnitude as compared to the viscous
predictions over the front half of the airfoil, with the

Gtk ay b vt el e et e et et AV, ah. A a0, 8t 3% RV 80 A% 152 8% 872 8% 8's 40 B's. 0% £'0,. %8 8242 00 4 ‘R0’ 22 B8 5.0 B B

imaginary part of the viscous and inviscid solutions of
approximately the same magnitude aft of the airfoil
leading edge inviscid signulacity. o terms of airfoil
stability, viscous eflects were shown to generaily
decrease the relative stability of the airfoil, with the
largest decrease associated with the lower reduced
frequency value. Increasing the Reymolds number
caused a decrease in the relative stability of the airfoil
stability whereas increasing the incidence angle
resuited in increased airfoil stability.
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Induced Vibrations in
Turbomachinery Blading

To predict the aerodynamically forced response of an airfoil, an energy halance
between the unsteady aerodynamic work and the energy dissipated through the

airfoil structural and aerodynamic damping is performed. Theoretical zero in-
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cidence unsteady aerodynamic coefficients are then utilized in conjunction with this
energy balance technique to predict the effects of reduced frequency, inlet Mach
number, cascade geometry and interblade phase angle on the torsion mode
aerodynamically forced response of the cascade. In addition, experimental unsteady
aerodynamic gust data for flat plate and cambered cascaded airfoils are used

together with these theoretical cascade unsteady self-induced aerodvnamic coef-
Jicients to indicate the effects of incidence angle and airfoil camber on the forced
response of the airfoil cascade.

Introduction

The structural dynamic response of turbomachinery
components to aerodynamic excitations is an item of con-
tinuing concern to designers and manufacturers of gas turbine
engines. The accurate first principles prediction of the
aerodynamically forced response of a turbine engine blade or
vane involves the following items.

Spatially periodic variations in pressure, velocity, and flow
direction of the exit flow field of an upstream airfoil element
appear as temporally varying in a coordinate system fixed to
the downstream row. As a result, individual airfoils are
subject to a tlime-variant periodic aerodynamic forcing
function. When the forcing function frequency is equal to an
airfoil natural frequency, vibrations of the airfoil result. At
times these vibrations have relatively large amplitudes which
induce high vibratory stress levels. Unfortunately, at present
these resonant stress levels are unknown until the first testing
of the blade or vane row. If siresses in excess of a predeter-
mined allowable level result, then airfoil life considerations
require that these stresses be reduced.

The prediction of the aerodynamically forced response
vibratory behavior of a blade or vane row requires a
definition of the unsteady forcing function in terms of its
harmonics. The time-variant acrodynamic response of the air-

foil 1o each harmonic component of this forcing function is
then assumed to be comprised of two distinct but reiated
unsteady aerodynamic parts. One is due to the harmonic
forcing function being swept past the non-responding fixed
airfoils — termed the gust response. The second is created by
the resulting harmonic response of the airfoil ~ termed the
self-induced aerodynamic response and, under certain con-
ditions, also referred 1o as the aerodynamic damping.

Unsteady aerodynamic gust and selfl-induced aerodynamic

Contributed by the Fluids Engincering Division for publication in the
Joumnat nt FLutds ENGINFFRING. Manuscript received by the Fluid<
Engineering Division, October 14, 192,

response analyses are both items of fundamental research
interest. Linearized unsteady compressible and in-
compressible small perturbation analyses for isolated and
cascaded aitfoils are appearing in the open literature with
regularity. Of direct application to turbomachinery design are
the unsteady aerodynamic analyses for cascaded airfoils. In
particular, Whitehead (1} analyzed both the transverse gust
response and the torsion and translation mode self-induced
aerodynamic response of a cascade of flat plate airfoils in an
incompressible flow. This analysis was extended to include the
effects of compressibility by Fleeter {2] and Smith [3]. The
effect of airfoil profile on the self-induced aerodynamic
response of a cascade in an incompressible uniform flow field
has been analytically predicted by Atassi and Akai [4].

There are many mathematical and physical assumptions
inherent in these models. Hence, a limited number of ap-
propriate fundamental experiments were undertaken to assess
the range of validity of the analyses. Included among these are
the experiments of Ostdiek [3], Henderson and Frank {6}, and
Fleeter, Bennett and Jay (7, 8, 9]. A complete review of
research related to unsteady flows in turbomachinery, in-
cluding both experimental and analytical gust response and
self-induced aerodynamic response effects, is presented by
Platzer in reference 10.

Generally, the aerodynamically forced response of an
airfoil is predicted utilizing a classical Newton's second law
forced response approach. The unsteady aerodynamic
analyses are used to describe the forcing function in con-
junction with a lumped parameter description of the airfoil
structural dynamic properties [11]. This paper presents an
alternative calculation procedure utilizing an energy balance
technique. In particular, an energy balance similar to that
performed by Carta [12] is conducted between the unsteady
aerodynamic work and the energy dissipated by the airfoil
structural and acrodynamic damping. This techrique is then
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applied to an airfoil cascade utilizing theoretical unsteady
aerodynamic coefficients which enable the effects of reduced
frequency, inlet Mach number, cascade geometry, and in-
terblade phase angle on the aerodynamically forced response
of the airfoil to be investigated. In addition, experimental
unsteady aerodynamic gust data for a flat plate and a cam-
bered airfoil cascade are used in conjunction with the
theoretical zero incidence flat plate cascade unsteady self-
induced aerodynamic coefficients to consider the effects of
incidence angle and airfoil camber on the forced response of
the airfoil cascade.

General Unsteady Aerodynamic Coefficients

Figure | presents a schematic representation of a two-
dimensional airfoil section dispiaced in both torsion and
translation in a uniform flow with a superimposed convected
transverse sinusoidal gust. The complex, time-dependent
unsteady lift and moment per unit span are written in in-
fluence coefficient form for the gust and the self-induced
aerodynamic response cases in equations | and 2 respectively.

w..
Lo=LgR +ilg' = npb'&? [A(;( 7“ )]

mn

W
My = MR +iM = bt e’ [B(;( —UC )]

le = Lg|R +I.L§|' = Ipb"wzl/‘,, h +/1,, (!l
)

MSI = Mgll + iMS]I = ‘l'pb"(dleh h + B,, ﬂ]
where:h = he';:a = & ¢“; W; = Wge' describes the

gust; (A,.8,).(A4,,B,).(A;, B;) denote the generalized
unsteady lift and moment coefficients due to airfoil
translation, airfoil torsion, and the convected sinusoidal gust,

Nomenclature

respectively; w is the airfoil natural frequency, and & is the
gust forcing function frequency.

The total unsteady lift and moment on the airfoil are ob-
tained by super-imposing the gust response and the self-
induced unsteady aerodynamic forces and moments.

W
L) =Ly +Lg (1) =pr3a2[A(;( 7“)

+Ah’;+/4,,d]e‘“"
M) =M (1) + My (1) = rob*? [ B ( "_(,)
G St P G U

+B,h+8B, d]e"“ 3)

It should be noted that the airfoil response occurs at the
frequency of the forcing function, hence the gust frequency,
@, has been utilized in the specification of the unsteady
aecrodynamic forces and moments, equation (3).

Energy Balance

The uncoupled equations of motion for the single-degree-
of-freedom lumped airfoil model undergoing translation or
torsion mode oscillations as depicted in Fig. 1 are given in
equation (4).

mh+(1 +ig)sh=L(1)

Ia+ (1 +ig)sa=M(1)

where: m denotes the airfoil mass, s is the stiffness coefficient,
g is the structural damping, and 7/ is the mass moment of
inertia about the elastic axis. The uncoupled equations of
motion, equation (4), represent an airfoil whose elastic axis is
coincident with its center of gravity.

The response of the uncoupled single-degree-of-freedom
system is determined by considering the balance between the
energy input to the system and the energy dissipated by the
system over one cycle of oscillation of the airfoil. The input
energy to the system is obtained from a calculation of the
work done by the unsteady gust forces and moments acting on
the airfoil. The energy dissipated is obtained by calculating
the work done by the structural damping and by the self-
induced aerodynamic response (aerodynamic damping) forces
and moments. For convenience, only the case of torsion mode
oscillations will be considered in the following derivations. It
should be noted, however, that the transiation mode results
can be obtained directly from those for the torsion mode by

4)

§ = airfoil spacing .

a = dimensionless distance of elastic U = [ree-stream velocity o = n}lerplade phase angle

axis aft of mid-chord W = complex transverse gust func- w = airfoil natural frequency
b = 1/2airfoil chord (C/2) tion @ = frequency of the transverse gust
8 = structural damping coefficient W = amplitude of transverse gust Subscripts
h = complex translation motion a = complex torsion motion
k = reduced frequency (k = ab/U) & = amplitude of oscillation in G = gust
m = mass of airfoil torsion Sl = self-induced (aerodynamic
s = stiffness coefficient A = phase angle between the gust damping)
A = unsteady lift and the airfoil motion h = translation
B8 = unsteady moment ¢ = phase angle between the gust a = torsion
C = airfoil chord and the resulting moment
I = mass moment of inertia about ¢ = phase angle between the un- Superscripts

the elastic axis steady moment due to the gust R = real part
L = unsteady lift and the airfoil response I = imaginary part
M = unsteady moment p = fuid density e = derivative with respect to time
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replacing I, a, and M by m, h, and L, respectively, per
equation (4).

The unsteady work done per cycle of oscillation by 1he
unsteady gust acrodynamic moment is given by the integral of
the product of the real part of the unsteady moment and the
resulting displacement over one cycle of motion.

Wortk, = §Re{M; (1) dal (5)
where: Mg (1) = Tye!'~**

W, 1.2
Tu=tpb‘cb2( —U‘-')[(BG")2 +(Bu')‘]

and ¢ = tan"' [B;'/B;*] and defines the phase angle
between the gust and the acrodynamic moment due to this
gust.

Carrying out the integration specified in equation (5) results
in the following expression for the unsteady work due 1o the
gust.

Workg = — aTya sin(A— ¢) 6)

where N\ denotes the phase angle between the gust and the
airfoil motion. It should be noted that the quantity (A — o) is,
in fact, the phase angle between the unsteady moment due 1o
the gust and the airfoil response. It can be determined in terms
of the system structural characteristics by a variety of means.
For convenience herein, it is determined from the equation of
motion, equation (4), per reference {11].

Workg = - x Ty asin(A—¢)= ~ x T asin(y) N
where:

¢=TAN"! lgs ~ xpb*a’B, '} ]

[(-1&* +5s— xpb*&?B*)

The energy dissipated per cycle of oscillation is obtained by
integrating the real part of the product of the self-induced
unsteady aerodynamic response (the aerodynamic damping)
moment and the airfoil displacement over one cycle of
oscillation. It should be noted that although this term is
written as a dissipation term, under certain conditions it can
represent an energy input term.

Workg, = §Re{Mq, (1) da) )}

This integration leads to the following expression for the
energy dissipated per cycle of oscillation.

Worky, = x(gs— xpb* @B, )a? ©)]

The balance of energy requires that the energy input to the
systermn must be equal to that dissipated by the airfoil, i.e.,

Work = Worky, (10)

Substitution of equations (7) and (9) into this energy balance
equation results in the following expression for the response
amplitude of the oscillation, a.

T, sin(y)

a= gs—xpb*a*B,’

an
The term sin (¥) can be determined via application of the
Pythagorecan Theorem to the definition of § specified in
equation (7) with the following result.

(gs— xpb*w?B..")
(-1 +s—xpb*G?B, %) + (g5~ wpb* " 3,")?)'?
(12)
The substitution of this expression for sin(y) into equation
(11) results in the following expression for the torsion mode

amplitude of response of the airfoil to an aerodynamic ex-
citation.

sin(y) =
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((—1&* +s—mpb @ B %) + (gs— xpb* "B )| -

(13

Unsteady Aerodynamic Forces and Moments

L,, M,, L., and M, denote the standard torm tor the
unsteady aerodynamic lorces and moments and represent the
unsteady lift and moment in tanslaton and  tursion,
respectively, calculated about the airfoil 173 chord. These
standard form 174 chord coefficicnts are refated 10 the
general unsteady acrodynamic influence coctlicicnts through
the following retationships.

A,=L,
A, =L, -(/2+a)L,
A,=L

(4
B,=M, -(1/2+u)L,

B,=M,-(1/2+a)(L,+M)+(12+u)L,
B, =M,

where a is the dimensionless distance of the torsion axis att of
the airfoil mid-chord, as depicted in Fig. 1.

The unsteady aerodynamic coeflicients 1o be utihized in this
investigation are obtained from: (1) the isolated flat plate
airfoil at zero incidence in an incompressible flow field
analyses of Theodorsen and Sears [13, 14]; (2) the analysis for
a cascade of flat plate airfoils at zero incidence in a com-
pressible flow ficld, presented in reference (2}, (3) the ex-
perimental cascade gust response data described in references
[7, 8, and 9] in conjunction with the cascade sclf-induced
response analysis of reference (2].

The isolated Nat plate unsteady aerodynamic analyses, Case
1, will be utilized 10 verify the encrgy balance techimque
derived in the previous section. This verification will be ac-
complished through a comparison of the torsional response
calculated by this energy balance technique and that
calculated by a classical Newton’s second law procedure [11].

The fat plate cascade compressible tlow unsteady
aerodynamic coetficients, Case 2, will be utilized 10 perform a
parametric study on the forced response of a representauve
flat plate airfoil with structural characteristics based on an
airfoil with a 3.18 ¢cm chord, a thickness-to-chord ratio ot 4
percent, and an aspect ratio ot 2. Parameters 10 be varied will
include the inlet Mach number, the interblade phase angle, the
clastic axis location, and the cascade geometry.

The combination of the cascade analysis and the ex-
perimental gust response data, Case 3, will enable the eftects
of the assumptions inherent in the analyses on the resporse
amplitude 1o be ascertained as well as the effects of inadence
angle and airfoil camber.  Expenmental  unsteady
aerodynamic gust coefficients tor tlat plate and cambered
airfoil cascades will be calculated trom the airforl sutfuce
unsteady pressure data presenied in references {7, 8, and ).
These experimental gust coetficients will then be utitized
conjunction with theoretical flat plate self-induced response
coefficients o obtain a semi-empirical prediction of the
forced response of the representative airfoil. These senn-
empirical resuits will then be compared with corresponding
forced response predictions utilizing only theoreucal unsteady
aerodynamics.

Results

To verify the energy balance approach for the prediction ot
acrodynamically induced vibrations, the uncoupled torsion
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mode response of the repreentative airfoil was calculated by
means of both the energy halance technique of this paper and
a classical Newton's second law approach (11]. The analytical
zero incidence, incompressible Mow, isolated airfoil unsteady
acrodynamic transverse gust and self-induced coefficients of
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references [13 and 14) were utilized in these calculations.
Figure 2 presents the comparison of these calculation
techniques in the form of the torsion mode response as a
function of the ratio of the forcing function frequency to the
airfoil natural frequency. As seen, the two methods yield
identical results, both in terms of the amplitude and the phase
of the response.

Figures 3 through 10 describe a parametric study of the
aerodynamically induced uncoupled torsion mode response of
the representative airfoil utilizing the theoretical flat plate
cascade, compressible flow unsteady aerodynamic transverse
gust and damping coefficients of reference [2]. Parameters
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damping as well as structural damping has been considered. ‘:
- 30 Thus, even when the structural damping is zero, aerodynamic o)
. damping is present in the system. o~
W The effects of the cascade solidity and stagger angle on the i"
20F amplitude of the torsional response are presented in Figs. 4
and 5, respectively. As seen, the amplitude of the response
5 | decreases as both the cascade solidity and stagger angle
'y 1o decrease, with the stagger angie having a much more
pronounced effect.
N Figure 6 demonstrates the effect of the interblade phase
(] angle on the torsional response amplitude. The maximum
; response is seen to occur at an interblade phase angle of 0 deg.
A change in the interblade phase angle from 0 deg to 90 deg
o :,':",,:m:."”' of Inlet Mach number on serodynamic forced response .o, in 2 significant decrease in the maximum response
’,

amplitude. Further changes of the interblade phase angle
value, to 180 and - 90 deg, result in a continued decrease in
the maximum response amplitude, aithough not nearly of the

varied include the structural damping, the cascade solidity

) and stagger angle, the interblade phase angle, and the inlet magnitude of change observed in going from 0 to 90 deg. It
,,{ Mach number. should be noted that in terms of a rotor-stator interaction

Figure 3 demonstrates the effect of structural damping on  forced response problem, the interblade phase angle
the torsional amplitude of response. Decreasing the structural  represents the ratio of the number of upstream rotor blades to
damping value from 0.01 to 0.005, a factor of 2, results in  the number of downstream stator vanes as it describes the
approximately a 25 percent increase in the maximum response  disturbance phase difference existing between adjacent
amplitude. [t should be noted that the peak response am- downstream airfoils. Hence, Fig. 6 shows that minimum

plitude does not occur when the forcing function frequency is  amplitude response is predicted when there are more rotor
equal to the airfoil natural (requency, even for the case of

r,

blades than stator vanes, with the gust representing a back- )
™ zero structural damping. This is because acrodynamic  ward traveling wave to the stators. X
A
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Figure 7 shows the effect of inlet Mach number on the
uncoupled torsion mode response. Increasing the Mach
number results in an apparent decrease in the amplitude of
response and a decrease in the value of the ratio of the gust
forcing frequency to the airfoil natural frequency at which the
maximum response amplitude occurs. 1t should be noted that
the airfoil natural frequency is constant. Hence, at a constant
value of @/w, varying the inlet Mach number also corresponds
to a variation in the reduced frequency of the airfoil (k =
ob/U). To aid in interpreting the response amplitude
variations with Mach number, consider Fig. 8 which presents
the magnitude of the unsteady aerodynamic gust and damping
as a function of Mach number. As seen, increasing the Mach
number results in an increase in the magnitudes of both the
aerodynamic gust and the aerodynamic damping, with the
aerodynamic damping increasing at a much greater rate.
Hence, for the case considered, increasing the Mach number
results in a slightly increased gust forcing function magnitude
but a greatly increased level of aerodynamic damping, thereby
leading to the results of Fig. 7.

Figure 9 indicates the effect that the elastic axis location has
on the airfoil torsional response. In particular, this figure
shows that as the elastic axis is varied from a location forward
of the center of gravity to one aft, the airfoil response in.
creases. For the example case being considered, when the
elastic axis parameter, a, has a value of +0.24, the airfoil
motion becomes unstable. This torsional instability is also
demonstrated in Fig. 10 which presents the imaginary part of
the unsteady torsional moment coefficient, B,' as a function
of forcing frequency with the elastic axis location as
parameter. At an elastic axis location specified by a = +0.24,
B,' becomes positive, thereby indicating a flutter condition.
It should be noted that varying the elastic axis location can
result in a coupling of the bending and torsional modes,
although only the uncoupled torsional mode of vibration has
been considered herein.

To indicate the effects of incidence angle on the gust
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response and also the validity and usefulness of the flat plate
cascade analyses, consider Figs. 11 and 12. These figures
present the predicted forced torsion mode amplitude of
response utilizing: (1) experimentally determined flat plate
and cambered airfoil aerodynamic gust coefficients based on
the data reported in references |7, 8, and 9] in conjunction
with the theoretical flat plate aerodynamic damping coef-
ficients of reference [2]; (2) theoretical flat plate aerodynamic
gust and self-induced coefficients of reference [2).

For the flat plate cascade, Fig. 11, at zero incidence there is
excellent agreement between the semiexperimental and the
theoretical results. Decreasing the incidence angle from 0
results in increased response amplitudes as compared to the
zero incidence theoretical results with the difference varying
in a smooth manner. 1t should be noted that the reduced
frequency and, hence, the unsteady aerodynamics, vary with
incidence angle. Thus, these results cannot be absolutely
compared to one another as a function of the incidence angle,
but rather must be compared individually to the theoretical
predictions.

Figure 12 compares the semiexperimental cambered airfoil
cascade predictions with the corresponding flat plate
theoretical predictions. As seen, the combination of a cam-
bered airfoil at incidence angle results in a nonlinear variation
of the comparison results for the response amplitude.

Summary and Conclusions

The aerodynamically forced response of an airfoil has been
predicted based on an energy balance technique. In particular,
an energy balance has been performed between the unsteady
aerodynamic work and the energy dissipated through the
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airfoil structural and aerodynamic damping. A parametric
study was then undertaken to investigate the effects of
reduced frequency, cascade geometry, inlet Mach number,
and interblade phase angle on the uncoupled torsion mode

1

:-. response of a representative airfoil. This study demonstrated
q: that the torsional response amplitude decreased with:

X

X . .

:n increased structural damping

o decreased cascade solidity

decreased stagger angle
increased inlet Mach number

an interblade phase angle corresponding to a backward
traveling wave
a forward elastic axis location.

In addition, investigation of the torsional forced response of

o BoXx

35

-

X3 =
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an airfoil based on experimental flat plate and cambered
airfoil aerodynamic gust data revealed the following.

* The theoretical flat plate cascade aerodynamic coef-
ficients accurately represent the physics of the problem at
zero incidence angle.

* As the incidence angle is changed from a value of zero,
the fat plate semiexperimental results diverge from the
theoretical results, albeit in a somewhat regular manner.

* The cambered airfoil semiexperimental results differ
significantly from the theoretical flat plate results, even
at zero incidence.

This variation appears to be non-regular with incidence angle,
thereby clearly demonstrating the need for a cambered airfoil
cascade unsteady aerodvnamic analysis.

Acknowledgment

This research was sponsored, in part. by the Air Force
Office of Scientific Research.

References

1 Whitchead, I>. S., **Force and Moment Coelficients for Vibrating
Airfoils in Cascade, "’ Aeronautical Research Council R&M3254, Feb. 1960.

2 Fleeter, S., "*The Fluctuating Lift and Moment Coefficients for Cascaded
Aisfoils in 3 Nonuniform Compressible Flow,”” AIAA Journal of Aircraft,
Vot. 10, No. 2, Mar. 1973,

3 Smith, S. M., "'Discrete Frequence Sound Generation in Axial Flow
Turbomachines,’* University of Cambridge. Department of Engineering Report
CUED/A-Turbo/TR29, 1971,

4 Atassi, H., and Akai, T. J., ""Aerodynamic and Aeroelastic Charac-
teristics of Oscillating Loaded Cascades at Low Mach Number,'* ASME Paper
No. 79-FT-111, Mar. 1979,

S Ostdick, F. R., ‘A Cascade in Unsteady Flow,”” Ph.D. thesis, The Ohio
State University, 1975,

6 Henderson, R. E., and Frank, G. F., “Investigation of the Unsteady
Pressure Distribution on the Blades of an Axial Flow Fan,"" Pennsylvania State
University ARL TM 78-54, Mar. 1978,

7 Fleeter, S., Jay, R. L., and Bennett, W. A, ""Rotor Wake Generated
Unsteady Aerodynamic Response of a Compressor Stator,'* ASME Jowrnal of
Engineering for Power, Vol. 100, No. 4, Oct. [978.

8 Fleeter, S., Jay. R. L., and Bennett, W A, 'The Time-Variant
Aerodynamic Response of a Stator Row Including the Effects of Airfoil
Camber.'* ASME Journal of Engineering for Power, Vol. 102, No. 2, Apr
1980

9 Fleeter, S.. Jay, R L., and Bennett, W. A, "“Wake Induced Time-
Variam Aerodynamics Including Rotor-Stator Axial Spacing Effects,”
Sympostum on Nonsteady Fluid Dynamics, ASME, Dec. 1978,

10 Platzer, M. F_, ''Unsteady Flows in Turbomachines —A Review of Recent
Developments,”” AGARD-CP-227, Sept. 1977,

{1 Fung. Y. C.. An Introduction 1o the Theory nf Aeroelasticiiy, Dover
Publications, Inc., 1969,

12 Carta, F. O, “Coupled Biade Disk-Shroud Flutter Instabilines n
Turbojet Engine Rotors,”’ ASME Journal of Engineering for Power, Vol. 89,
No 3, July 1967

13 Theodorsen, T, “'General Theory of Aerndynamic Instability and the
Mechanism of Flutter,”” NACA Report 496, 1915

14 Sears, W. R, “‘Some A«pects of Non-Stattonary Airfoil Theory and [t<

Practical Applications.’” Journal of Aeranautical Scrences, Vol 8, No 3, fan
1941,

DECEMBER 1983, Vol 105/ 381

e N \’*';’_N' Pat e e "-"\;.k"'\

wt

NS AN AT,

R AT U UG U AN AT AN KT AT ATAT AT BT 4SS 8 8 .-'.T.-.-.-... -

-

“"




BB %

APPENDIX XTI )

THE COUPLED RESPONSE OF TURBOMACHINERY BLADING TO 2

AERODYNAMIC EXCITATIONS ot

AIAA JOURNAL OF AIRCRAFT

P . 5
A XL

22

-
-

i~ % -4
424,

4F T

e e e e e m e a e m i amn e m m e e N
I v A TR L0 S (R N L SASA LIRS LGN S SN



3 o

£

-217-

278 ‘ J. AIRCRAIT

VOL.21,NO. 4

The Coupled Response of Turbomachinery Blading
to Aerodynamic Excitations

Daniel Hoyniak* and Sanford Fleetert
Purdue University, West Lafayette, Indiana

An energy halance technique is deseloped which predicts the coupled bending-torsion mode aerodynamic
forced response of an airloil. Fhe effects of the various aerody namic parameters are then considered utilizing 2
subsonic compressible flow/ flat piste cascade gust analysis. The increased coupling between the torsion and
translation modes as the natural frequencies approach one anather is shown. 1t ic also demonstrated that the
coupled-response amplitudes increase with: 1) decreased siructural damping, 2) increased solidity, stagger angle,
and Mach numbers, V) interhiade phase angles corresponding to forward traveling waves, and 4) shifting of the

elastic axis lacation afy.

Nomencfature
a =distance of elastic axis aft of mid-chord
A = unsteady lift influence coeflicient
b =airfoil semichord (C/2)
B = unsteady moment influence coefficient
C =airfoil chord
C/S =cascade solidity (airfoil chord/air{oil spacing)
C, =‘.LX,,+(A")”
C, =I‘-\'..+(BA)R
C, =(p-p(wy /@) 2+ (AN
C, =(Ap) —plwn /)8y
C. =ity - (w, /@) )+ (B
Cs =(B,) —prilw,/a) g,
C, = — (Wi /U (AR
Cy =—(u'(,-/U)(/1('-)'
Co =“(”';/U)(Bu)'
Cin =—(W,/U0) (A,
D, ={{C,Co+ CoCH = (oA +C (AN}
Dy = ((CC=C,C) = 1C,C = (A (B} 1)
h =complex translational displacement
h, = ?/mpliludc of translational oscillation
i =v -1
I, =mass moment of inertia per unit span about the
elastic axis
k =reduced (requency (k = ob/U)
1 = unsteady lift
m =mass per unit span of the airfoil
M = unsteady moment
Ny = H{CyCi + CoCH = {Co (AN +C,Ciy) |
Nur = ((C.Cy=CaCa) = 1C,Co - Cpy (A}
N, =(C1nCi +C,Co) = [C-(B,) + C,C) |
N.» =|(C1C9“C1Cm)"‘C'C)'C.!(Bh"”
Rel | =realpartof | |
r., =radius of gyration about elastic axis
S. = airfoil static moment per unit span about the

elastic axis
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U = freestream velocity
W =complex transverse gust function
W = amplitude of transverse gust

WORK =unsteady work per cycle of oscillation

X, =location of center of gravity relative to elastic axis
a = complex torsional displacement

a, = amplitude of torsional motion

n =mass parameter

o = fluid density

o =interblade phase angle

w = airfoil natural frequency

@ = {requency of the transverse gust
Subscripts

G =gust

h =translation

St = self-induced (aerodynamic damping)
o =torsion

Superscrirts

| = imaginary part
R =real part
€ ) =derivative with respect 10 time
| by
ntroduction {
ERODYNAMICALLY-induced vibrations of rotor and s
stator airfoils are one of the more common sources of -~
high-cycle fatigue failure in gas turbine engines. Destructive .
acrodynamic forced responses of fan, compressor, and T
turbine blading have been generated by a wide variety of -
sources including upstream blades and/or vanes, distortion, ::

rotating stall, downstream blades and/or vanes, surge, bleeds,
and random or otherwise unidentified sources.

Failure level vibratory responses occur when a periodic
acrodynamic forcing function, with frequency equal to a
natural blade resonant frequency, acts on a blade row. The
rotor speeds at which these forced responses occur are
predicted with Campell diagrams, which display the natural
frequency of each blade mode vs rotor speed.’ Whenever
these curves cross, aerodynamically-induced forced responses
are possible. However, at the present time no accurate
prediction for the amplitude of the resulting stress can be
made.

The prediction of the aerodynamic forced response
vibratory behavior of a blade or vane row requires a
definition of the unsteady forcing function in terms of its
harmonics. The time-variant acrodynamic response of the
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airfoil to each harmonic of this forcing function is then
assumecd to be comprised of two parts.” Onc part is due to the
disturbance being swept past the non-r.:ponding fixed air-
foils. The sccond arises when the airfoils respond to this
disturbance. These cffeets are modeled by means of two
distinct  analyses. A linearized small-perturbation  gust
analysis is used to predict the time-variant aerodynamics of
the fixed non-responding airfoil to cach harmonic of the
disturbance. A self-induced unsicady acrodynamic analysis,
wherein  the airfoils are assumed 10 be harmonically
oscillating, is then used to predict the additional acrodynamic
effcct due to the airfoil response. These seif-induced
acradynamic effccts can be thought of as an aerodynamic
damping which can be either positisc or negative. Reviews of
state-of-the-art unsteady aerodynamics as applied to tur-
bomachines, including gust and sclf-induced unsteady
acrodynamic analyses, are presented in Refs. 3 and 4.

YV he classical approach to the prediction of the acrodynamic
forced response of an airfoil is based on Newton's second law.
The gust and sclf-induced unsteady acrodynamic analyses are
used to describe the harmonic forces and moments acting on
the airfoil in conjunction with a lumped parameter
description of the airfoil structural and inertial properties.*

An alicrnate approach based on an encrgy balance
technique has been developed by Hoyniak and Fleeter® 1o
predict  the uncoupled single-degree-of-freedom  forced
response of an airfoil. In this approach, a balance is
established between the energy of unstcady aerodynamic work
and the cnergy dissipated by the airfoil.

The objective of this paper is 10 extend the energy balance
technique to include the more interesting case of coupled
bending-torsion mode forced response of an airfoil and, also,
to demonstrate the effects of the various acrodynamic and
structural parameters on this coupled response.

General Unsteady Aerodynamic Cocfficients

Figure | presents a schematic representation of a two-
dimensional airfoil section displaced in both torsion and
translation in a uniform flow with a superimposed convected
transverse sinusoidal gust. Equation (1) presents the complex,
time-dependent unsteady lift and moment per unit span,
written in influence coefficient form, for the gust response
and the self-induced unsteady acrodvnamic cases.

. "
Lo, =lR 40l =xph'ir I.'l,, ( i )l

M,

. "
ME + ML = xph'ar I”" ( U )J
) . h
A R

L
My = MY + ML, = xpb o l”” ,: + n,,f.] ()

ELASTIC AXIS

MEAN ) |
AIRFOIL g_ciee
POSITION
v —
wd ||
e, h
AN _l

DISPLACED AIRFOIL - ~ <
Fig. | Airfoil and displacement geometry and notation.
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where h=h,e'; a=a,e™’; W=W_ e~ describes the gust:
(A,.By), (A,,B). (A,.B;) denote the gencralized un-
steady lift and moment coefficients due to airfoil translation,
airfoil torsion, and the convected sinusoidal gust, respec-
tively; w is the airfoil natural frequen¢y, and & is the gust
forcing function frequency. f

The total unsteady lift and moment pn the airfoil are ob-
taincd by superimposing the gust response and the self-
induced aerodynamic forces and momcn{u.

!
\‘
i

Ly =L,y + L (n)

W, |
=xph'a’ [/1,; ( Z/S' ) +ALh, +f‘,_(r,,]e"'

M) =M, (1) + M (1) r’

W, |
= xph‘®’ [B(;(»DQ )+B,,h,, 4-’3,,0,,Jl’"' {2)

it should be noted that the airfoil ﬁ'eﬂponse occurs at the
frequency of the forcing function. Heénce, in Eq. (2) the gust
frequency @ has been utilized in the specification of the un-
steady aerodynamic forces and mome[-ls.

l

f
Energy Balance
The equations of motion describing the coupled tran-

slational and torsional displacement of the Mat plate airfoil
depicied in Fig. 1 are given in Eq. (3).

mh+S.ic+ maf (L +ig,Yh=L(0)

S A+l i+l Wl (I+ig yoe=M(1) (%))

where m denotes the mass per unit span of the airfoil, S, is the
airfoil static moment per unit span about the elastic axis. w,
and w, are the translational and torsional mode airfoil
natural frequencies of the corresponding undamped single-
degree-of-freedom system, respectively, and /7, is the mass
moment of incrtia per unit span about the elastic axis. As
scen, the airfoil structural dynamic system described in Eq. (3)
is strongly coupled and the coupling is associated with both
the structural and the acrodynamic characteristics of the
system. The structural coupling becomes significant whenever
the acrodynamic center does not coincide with the clastic axis,
in which case a non-zero value for the airfoil static moment
results. The acrodynamic coupling arises because the self-
induced acrodynamic forces acting on the airfoil are a tunc-
tion of the translational and torsional motions.

In this investigation, the coupled system response is
determined utilizing an energy balance technique. The energy
input to the system per cycle of airfoil oscillation is generated
by the gust and, under certain conditions, the self-induced
unsteady aerodynamic forces amd moments.®* The energy-
dissipation of the system per cycle is associated with 1) system
structural damping, 2) under certain conditions the self-
induced aerodynamic forces and moments, and 3) the static
moment term S,,. It should be noted that, for the uncoupled
single-degree-of-freedom case, the dissipation term S, was
not considered.

The energy balance for the coupled translation-torsion
airfoil motion can be expressed as follows.

(WORK)%, +(WORK)?, +(WORK)} = (WORK)?

(WORK)g, + (WORK);  +(WORK)? =(WORK)2 )
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where 30r

(WORK)%,, (WORK)g, =work done by the self-induced
aerodynamic forces and moments Forced vibvaton Anolysrs
. . . _— 1 Oon
in (rgnslauon and torsion, o Energy Bolance .
respectively. o

204

(WORK):h,(WORK)';" =work done by the airfoil tran-
slation and torsion structural
damping, respectively.

(WORK)} . (WORK)} =work associated with the static
moment, S, in translation and
torsion, respectively.

(WORK)?, (WORK):: =work done by the gust aero-
dynamic forces and moments in
translation and torsion, respec- L 1L )

: 0% !
tively. T/wg ° 9

Anquior Displocement, & (X10* rad)
Q
@

The work values associated with the self-induced unsteady
acrodynamic forces and moments, (WORK)?, and
(WORK)g;, have been written as dissipation terms. However,
under certain conditions they may actually represent energy
input terms. The sign differentiates between energy dissipa-
tion and input. Also, matrix techniques are utilized to solve
Eq. (4) in order to determine the response of the airfoil

Phase Angie (Degrees)

system.
The unsteady work done by the seif-induced acrodynamic
terms, (WORK)%, and (WORK)g,, over one cycle of vibration 5
can be calculated from Eq. (5).
200L
h =
(WORK), &Rd Lsi(rydhi tig. 2 Comparison of ciassical and energy balance forced response
calculations,
(WORK)g = §Re[ My (1)dn] (5
where Lg (1) and M, (¢) denote the unsteady lift and SM’" "'0'.630,
moment associated with the self-induced harmonic motion of ooge
g Phase=0°®
the airfoil [See Eq. (1)} C/S100
Carrying out the integrations specified by Eqs. |1 and § 5000+

results in the following expressions for the unsteady work
done by the self-induced aerodynamic forces and moments.

v F2 BB SR BE A

(WORK), = x2pb'a? | = (AN 'hi b+ (A R hya,

x Sin{A, = A, ) = (A, ) Aae,cos(A, = A ,)]

ALPHA (x10~%)

h, .
(WORK)g, = #2pb’a? [(B.)" ( L:f’ )un(x,, -\,)

h
-(B,)'(-%" )cosu,—x,,)-(n,,)'n;’,] (6)

. /

The angle )\, denotes the phase angle between the incoming
gust and the resulting translational motion of the airfoil.
Similarly, the angle A, is the phase angle between the in-

LASIIN - - B3

coming gust and the airfoil torsional motion. 04 :ﬁ'
. The energy input to the airfoil is determined by calculating j
the work per cycle of oscillation of the unsteady lift and “J
moment associated with the incoming gust. It >
:
X ~10004 <
m (WORK) = - q}»keu.nmd;.] w B
<
— = —1pb’ﬁlh0[(AG)'COS(X;,)—(/‘(;)'Si"(xh)] E :
’
ﬁ (WORK)5=(§>Rc(M,;mda| -2000- %
) , Fig. 3 Structural damping eff
= #pb*a’ay [ (Bg)'cos(A, ) - (B) sin(A, ) | (D amplitade for (orer mear e o0 (e coupled torsional response 3
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The energy dissipated by the structural damping over one
cycle of oscillation can be calculated as follows.

(WORK)?, = "‘Relig,,mw;,'hdhl = rg,muihl

( "'()Rk');,"' = vi\Rclig,,l,,w,’,ndnl =xg, . wial (R)

The unsteady work associated with the static moment S
merits some additional comment. This is the term which
couples the system equations of motion when the elastic axis
and the aerodynamic center do not coincide. Physically, the
S., term can be considered as either a torsional force applied
10 the airfoil as the result of a unit translation airfoil
displacement. or as a translational force resulting from the
application of a unit torsional displacement. Thus, for an
airfoil undergoing a translation mode oscillation, there is an
apparent torsional load that can either do work on or extract
work from the air{oil system. The phase relationship between
the translational and torsional displacement determincs
whether this apparent torsional load adds or dissipates energy
in the airfoil system.

The unsteady work per cycle of oscillation associated with
the static moment can be determined by Eq. (9).

(WORK), = bRelS, adh] =5, aohyxsin(h, = A, )
(WORK); = <§»Rc|s,,i;‘d,, | =S, aphasin(h, —=A,)  (9)

The substitution of the various work expressions imo the
encrgy balance [see Eq. (4)] yields the following matrix

_expression fof the coupled translational and torsional airfoil

displacements.
h
A A 2 B
7 ” (h ) - 7 (10
A.‘I A]J (ay) B.‘I
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Fig. 4 Structursl damping effect on the coupled tordonal response
for (a/w,) nest w, .
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where
Ay =lrgamalbl + 1A, 22pb' o’
Ap=1S,027- (A x2pb a7 )sin(A, - X))
+ (A, b @' cos(Ay ~ N, )]
Ay =18, 02 71— (By) x?pb*a? sin(A, = \,)
4+ [ (By)Y % pb’ @ costA, — M) ]

Ay=ag,l wl+ (B} xob'a’

W
B, = - xpb'a’ (—Uf 1461 costh) = (Ag) Rsin(A) |

W,
B, =xpb'e? (TJ( )( (Bg)'cos(h,,) = (B)RsingA,.) |

The phase angles between the translational and torsional
displacements, A, and A\, respectively, can be determined in
various ways. For example, they can be determined directly
from the classical solution of the coupled sysiem equations of
motion, Eq. (3) (see Ref. $). For convenience and brevity,
these phase angle relationships are presented in Eq. (11).

NyDg =Ny D
)\,.=lan"[ g AR I‘]
NygDg + Ny D,
N, Dg-No,aD
)\,,=lan“'[~"'~——o—' "—’] (1
N.gDe + N, D,
where Ny, N..;, Nyg, N, Dg and D, are defined in terms of
the airfoil structural properties and the unsteady aerodynamic
forces and moments in the Nomenclature.
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Unsteady Aerodynamic Forces and Moments

L, M, L, and M, denote the standard form for the
unsteady aerodynamic forces and moments and represent the
unsteady lift and moment in translation and torsion,
respectively, calculated about the airfoil %4 chord. These
standard form % chord coefficients are related to the general
unsteady serodynamic influence coefficients through the
following relationships.
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Ay=L,
A, =L,-(V1+a)L,
Ag=Ly

B, =M, - (" +a)l,

B,=M_—(“1+a)(L,+M) + (2 +a)’L,

Bo=M, a2

where a is the dimensionless distance of the elastic avis
measured from the airfoil mid-chord (see Fig. 1).

Results

To demonstrate the effects of the various parameters on the
coupled forced response of turbomachinery blading, the
unsteady aerodynamic analysis of Ref. 7 will be utilized. This
analysis predicts the gust and self-induced unsteady
aerodynamic forces and moments in a compressible flow
field. The structural properties for this parametric study are
based on an airfoil with a $.08-cm chord, a 4™ thickness-to-
chord ratio, and an aspect ratio of 3. This representative
airfoil has a patural translation mode frequency, w,, 127
larger than the natural torsion mode frequency, w.,. Hence,
wy/w, = 1.12. Specific parameters to be varied include the
structural damping value, the cascade solidity, the interblade
phase angle, the inlet Mach number, and the elastic axis
location. In addition, to clearly demonstrate the coupling
effects, the airfoil stiffness is varied <o as to make the tor-
sional and translation mode natural frequencies nearly equal
in value.

To verify the energy-balance approach for the prediction of
aerodynamically-induced vibrations, the uncoupled torsion
mode response of the representative airfoil was calculated by
means of both the energy balance technique and a classical
Newton's second law approach.' Figure 2 presents the
comparison of these calculation techniques. As shown, the
two methods yield identical resuits, both in terms of the
amplitude and the phase of the response.
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Fig. 9 FElfect of interbisde phase angle on the coupled torsion mode
response.
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The coupled forced response characteristics of the
representative airfoil are determined utilizing this energy
balance technique. Results are presented as a function of the
nondimensional ratio of the gust forcing frequency to the
airfoil natural torsion mode [requency, &/w,. Hence, values
of 1.00 and 1.12 for this nondimensional frequency ratio
correspond to the situations where the forcing function
frequency is equal to the natural torsion and translation mode

TURBOMACHINERY BLADING
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Fig. 11 Infet Mach number effect on the coupled torsional response.

frequencies, respectively, of the representative airfoil. Results
presented include the translational amplitude, the torsion
maode amplitude, and the phase angles between the
aerodynamic forcing function and the resuiting airtoil
response as a function of the nondimensional {requency ratio.

As anticipated, when the gust forcing function frequency is
close to the natural torsion mode frequency, the torsional
response is an order of magnitude greater than the
corresponding coupled translation mode response. Thus, only
the coupled forced torsional response will be presented for the
forcing function close to the airfoil natural torsional
frequency (&/w, = 1.00), and only the coupled forced trans-
lational response for forcing function frequencies near the
natural translational frequency (&/w, =1.12) will be
presented.

Figures 3 and 4 represent the torsional and translational
airfoil responses, respectively, with structural damping as the
parameter when the forcing frequency is close to w,, and w,.
respectively. As seen, increased structural damping resulting
results in decreased amplitude of response. It should be noted
that the maximum response amplitudes do not occur at
frequency ratio values of 1.00 and 1.12, even for the special
case of zero structural damping. This is a result of the self-
induced unsteady aerodynamic forces which correspond in
this case 10 aerodynamic damping. Thus, even when there is
no structural damping in the airfoil system, the self-induced
aerodynamics generate aerodynamic damping.

The effects of cascade solidity (C/S) and stagger angle on
the coupled forced response amplitudes are demonstrated in
Fig. S and 6 and Figs. 7 and 8, respectively. Both the coupled
torsional and translational {orced response amplitudes in-
crease with increasing values for solidity and stagger angle.
Variations in solidity result in a somewhat more pronounced
effect on the translational response than on the torsional
response. Stagger angle variation has a greater effect on the
torsional response than on the transiational one. Also,
variations in stagger angle have a much greater effect on the
response smplitudes, both torsional and translational, than
do variations in solidity. [t should be noted that the design
trend for modern compressors includes increased solidity and

O R S SRR

{{‘( & (_'(.'

-
)

AL L LIS

-
'l‘[,-'

Y

.

Y
¢



=)

¥

Lok |

i . ty 0Tt €a” “ ".'l.-’...',..'n 0 '.l'l » ‘-_ _ ,\J -. .._ Sy __ v, . I'
-223~
284 D. HOYNIAK AND S. FLEETER J. AIRCRAFT
Stagger : 30° Mach:06
2500‘\ Phose :0° 8000 e« wd
C/5:100 Phase:0
q 0 C/$:100
zooow , L g:g
: | =i o o
o —— Mach:06 ~ - @z -0%
X 8001 , ------- Mach:0 4 Q
o ‘ — — Moch:102 x
2 2 40004
10004 ! \ a
| )
0500 | \ 2000
)3
[¢] g - N|c - A e
1180 118% 1190 119% 1200 120% (210 0
O = 8100
:
01
3 -
S -2000- g
2; w -ZOOOW
I L 4
a 3
-4000- FREQUENCY RATIO (34 g)
- 40004

kig. 12 Inlet Mach number effect on the coupled iransiational
response.

stagger angle values. Hence, these results indicate that in-
creased forced response problems, primarily associated with
increased stagger angles, might be anticipated.

Figures 9 and 10 show the clfect of interblade phase angle
on the coupled airfoil forced response characteristics. The
effect of variations in this parameter on the coupled torsional
forced response are quite different than on the coupled
translational response. For the torsion mode, there is only an
extreme maximum response amplitude for a 0.deg interblade
phase angle value. For all other values considered, the
response amplitude curves are relatively flat and decreased
from the 0 deg case by approximatcly 75 to 85%. The coupled
transiational response amplitudes all cxhibit an extreme
maximum responsc amplitude, i.e. none of the amplitude
response curves are relatively flat. Also, although an in.
terblade phase angle value of 0 deg results in the maximum
forced transiational response amplitude, varying the in-
terblade phase angle away from 0 deg results in noticably
smaller decreases in this maximum amplitude than were noted
for the forced torsional response. In particular, for both the
torsional and the translational cascs, the largest decrease in
the maximum response amplitude is associated with changing
the interblade phase angle value from 0 to - 90 deg. However,
the maximum forced translational response decreased only
45", whercas the corresponding forced torsional response
decreased by 85%. In addition, since the smallest coupled
torsional and translational response amplitudes correspond to
ncgative interblade phase angle values (- 90 dcg in par-
ticular), then this would appear 1o be a desirable forced
response design condition. In terms of the rotor-stator in-
teraction forced response problem, a negative interblade
phase angle value corresponds to a backward traveling wave
as viewed from the stator vane frame of reference and arises
when the number of rotor biades is greater than the number of
stator vanes,

The effect of the inlet flow Mach number on the coupled
torsional and translational forced response characteristics of
the representative airfoil is demonstrated in Figs. 1! and 12,
respectively. Increacing the Mach number, which also
corresponds to decreasing the reduced frequency for a specific

FREQUENCY RATIO (3/ug)

Fig. 1} Effect of elastic axis location on the coupled torsional
response for (o/w,) near w, .
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Hig. 14 Effect of elastic axis location on the coupled transiationsl
response for (&/w, ) nesr o, .

gust disturbance, increases both the coupled torsional and
translational responses with a very dramatic increase asso-
ciated with an increase in Mach number from 0.6 10 0.8. Also,
for Mach numbers of 0.6 and smaller, the increase in the
maximum response amplitude is much larger for the torsional
mode than for the translational mode. In addition, the forcing
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Fig. 15 Effect of elastic axis location on the coupled torsionsl
response for (a/w, ) nesr w, .

function frequency at which the maximum amplitude
response occurs is highly dependent on the Mach number for
the torsional response, but is almost independent of this
forcing frequency for the translational response case.

The effect of moving the elastic axis location to the ‘-
chord and the Y-chord locations on the coupled forced
response of the representative airfoil is presented in Figs. 13
through 16. These results indicate that not only the response
amplitude but also the forcing function frequency at which
the maximum amplitude response occurs is strongly
dependent on the position of the elastic axis. The maximum
torsion and translation response amplitudes are found with
the elastic axis at the Y4-chord location. Shifting the elastic
axis forward to the Yi-chord location results in significantly
decreasing both the torsional and translational response
amplitudes near the airfoil torsional natural frequency, but
only slightly decreasing these response amplitudes near the
airfoil translational natural frequency. Also, shifting the
elastic axis focation aft from mid-chord to Yi-chord has the
result of making the tran<lational response in the neigh-
borhood of the natural torsional frequency (@/w,, = 1.0) the
same order of magnitude as the (orsional response amplitude,
indicating the signilicant additional coupling that arises when
the elastic axis and the airfoil center of gravity do not coin-
cide. Similar results are noted when the forcing function
frequency is close to the natural translational (requency.

To demonstrate the interaction of two very closely-spaced
torsional and translation modes, the bending stiffness of the
representative airfoil was altered to make the ratio of tran.
slation to torsion natural frequencies |.02. The variation with
interblade phase angle values of these closely coupled forced
torsional and translational responses was then investigated.
The results are presented in Figs. 17 and 18. The coupled
torsional response results (Fig. 17) show that, at a frequency
ratio of 0.990, the response decreases as the interblade phase
angle is varied from 0 to +90, -90, and 180 deg. At a
frequency ratio of 1.015 the response increases by up to 65%.

FREQUENCY RATIO (S/w,)

Fig. 16 FElfect of elastic axis location on the coupled (ranslational
response for (o/w, ) near w, .

4000+ Mach=0 6
Stagger = 30°
€/5:100
9:0

- 4 a0
To 3000 —— — Phase:I180°
s ! /T - Phose = 90*
= —--— Phase=-90°
$ 20004 —— Phow:0
a
-
=3
10004
0 ——t———————t——
980 990 1000 1010 1020 1030 1040
7
g -1000
]
i -2000-
-3000-

FREQUENCY RATIO, (& /wg!

Fig. 17 [Interblade phase sngle elfect on the coupled torsional
response for nearly equal natural frequencies.

Figure 18 presents the variation of the forced translational
response with the interblade phase angle as the parameter. In
contrast to the torsional response results, minimal trans-
lational response is noted when the forcing function
frequency is near the airfoil natural torsional frequency.
However, when the forcing function frequency is near the
airfoil natural translational frequency (@/w, =1.015), the
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response for nearly equal natural frequencies.

forced translational amplitude is significant and increases as
the interblade phase angle value is varied from 010 180 deg. A
comparison of Figs. 17 and 1R at a frequency ratio close to
1.015 reveals a correspondence hetween the forced torsional
response and the translational onc. This is caused by the high
degree of coupling that exiss between the translational and
torsional modes for the aliered airfoil.

Summary and Conclusions

In this imestigation, the coupled structurat dynamic air(oil
system foreed response was determined utilizing an cnergy
balance technique. The energy input to the system per cycle of
oscillation was gencrated by the gust and, under certain
conditions, the self-induced acrodynamic  forces and
moments. The energy dissipation per cycle of oscillation was
associated with system  structural damping, under some
conditions the seif-induced aerodynamic forces and moments,
and the static moment term S,,. 1t should be noted that, lor
the uncoupled single-degrec-of -freecdom case, the dissipative
coupling mechanism, S, is not considered.
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286 D. HOYNIAK ANDS. FLEETER 3. AIRCRAFT
8000 Mach=06 The effects of the various aerodynamic parameters on the
Stogger = 30° coupled translational and torsional mode forced response of a
Cs5=100 representative airfoil were then considered. The study showed
9=0 the increased coupling between the torsion and translation
60001 —_—— g:w?seﬂBO‘ modes as the corresponding undamped natural frequencies
— M - Phase: 90° approach one another. [t was also demonstrated that the
'.‘o / x —--— Phase:-90° coupled torsional and translational forced response am-
% ! Phase= O° plitudes of a representative airfoil increased with: 1) decreased
~ 40004 structural damping. 2) increased solidity values, 3) increased
o stagger angles, 4) increased inlet flow Mach numbers, 5)
2 interblade phase angie values corresponding to forward
traveling waves for the rotor-stator interaction case, and 6)

2000+ shifting of the elastic axis location aft.
It should be noted that variations in the above parameters
NS -— did not affect the magnitude of the resulting forced response
Ny cqually nor did they always have cquivalent effects on the
o —— + —+ t —+— torsional and translational response modes. For example.
980 990 1000 (010 1020 1030 1040 increasing the stagger angle and shifting the elastic axis aft
0‘1 -~ resulted in significantly larger increases in all of the response
amplitudes than did increasing the solidity. Also, the in-
_ terblade phase angle, for example, had a much greater cffect
8 on the coupled torsion mode responses than on the trans-
Q lational ones. In addition, the forcing function frequencies at
uw -2000+ which the maximum torsional and translational responses
o occurred did not generally correspond to the airfoil natural
£ torsional or tanslational frequencies. This was because the
selfl-induced aerodynamic forces and moments result in an
acrodynamic damping effect analogous to structural damp-

-4000- ing.
FREQUENCY RATIO, (&/wq)
tig. I8 Interhlade phase angle effect on the coupled translational Acknowledgment
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FLOW INDUCED VIBRATIONAL RUSPONSE OF A LOADLD AIREFOIL

Hsiao-Wei DL Chiang and Sanford Flecter

Thermal Scicnces and Propulsion Center
School of Mechianical Engincering

Purdue University, West Lafayclie, Tudisna

ABSTRACT

A structural dynamics model i3 developed and
utilized to predict the effects of airfoil thickucss,
camnber, mean flow jucidence angle, and two-
dimnensional gust dircction ou the aerodyuamnically
induced forced response of  an  airfoil in  an
incompressible flow. An chergy balance iy perforicd
between the unsteady acrodynamic work and the
energy dissipated through the airfoil structural and
aerodynainic dawmping, wilh predictions of the airluil
unsteady aerodynainics obtained from a complete first
order model. ft is then demonstrated that the steady
aerodyonamic loading on the airfuil and the direction of
the gust strongly alfect the amplitude of response.
Also, classical thin airfoil unsteady acrodynanic
models resull in signilicantly underpredicted airfoil
response amnplitudes, ie., the thin aicfuil predictions
are nonconservative.

NOMENCLATURE

k, reduced frequency, wb/U

ki transverse gust wave number

u chordwise gust commpoacnt

v? transverse gust component

$ steady velocity potential

4}6 unsteady harmonic gust potential
¥, unpstcady barwonic motion-induced potential
a complex torsion motion

a, mean flow incidence

w gust harmouic frequency

w, sirfuil natural frequency

INTRODUCTION

The structural dyvamic response of turbomachine
and turbuprop blading to aerodynamic excilations is a
problem of increasing design concern. This is because
these blades operate in nonuniform and irregular flow
Bclds. As a result, unsteady aerodynamic forees and
moiments are generated on the bLlading. When the
frequency of these acrodynamic forces and monicnts iy
equsl to a blade natural frequency, sustained blade
vibrations may occur, with the associated dyunamic
stresses induciug fatigue cracks leading to high cycle
fatigue failure.

17007

To predict these dynanic stress levels, the response
of an airfuil to acrodyvamic excitations must be
anslyzed.  First the unsteady acrodynamic forcing
function i3 delined in termy of harmonics. The time-
variaul respoase of the airfoil to each harmouic
component iy then assuined o be comprised of two
distinct but refated unsteady acrodynamic parts. Oue
is the gust response due Lo the harmonic forcing
function belug convected past the nonresponding Bxed
sirfoil.  The auotion-induced  acrudynamic  respouse,
also termed the acrodyvamie damping, is the sccond
part aund i3 geucrated by the resalting harmouic
response of the aicfoil. Vypically, the sirfull vibralory
response i then  caienlated  utiliciug  a

classical
approsch based ou Newton's secoud luw.

Unfortunately,  asccurate  predictions of  the
amplitude of the resulting airfuil vibration and stress
cuntiot be made due to the inusdeguacies of current
uusteady aerodynatuic wodels. Ta purticular, unsteady
serodynamic wmodcels have typically been restricted to
thio airfoil theory wherciu the unsteady flow ficld is
sasutned to be suall compared to the mean low, with
the latter potential I addition, the  aiful s
considered to bLe a flat plate at soro incidence. This
uncouples the uusteady avrodynamics from the steady
potential How aud leads to the approximation whercin
the flow is dincariced about a uniforin paralldd flow
Such  classical models have  been developod for
oscillating Hat plate aicfoils Ly Theodarsen {1 und fur
a convecled tranuverae gust by Scars "2

[ wauy spphcatious, however,  airfoils  with
significant steady loadiogs, large air turning, snd
Lighly casuberad shupes, are reguiced. Thus, the
classical models were eatended to consider thin airfoils
with coustant very small cataber and can How
incidence. For ovample, Horlock 3] eatended  the
Scurs approach o consider dhordwise gusts, while
Naouwnson  awd Yeb |1 cownsidered  transverse and
churdwise gusls cunvedted past airfuils with sl

constunt  camber.  Uufortuuately, these  locarized
models are ouly approximate, having seglected scecond
order terms. Thus, they caunot Le extendald to linite
mean Bow incidence wnghs o realistic
|:ruli|cs. i,c., loadued atcloll Jc:{lgu:
Guldstein  and  Atassi [5] comnplete
systematic moded fur tuviseid otnpressible Nows past
vscillating airfuils or airfoils subject to ponodic gusts
utilizing classical analytical anfol aualysis tecimques
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In this paper the eflects of airfoil thickness,
camber, mean flow incidence aungle, and gust direction
on the aerodynamically induced forced response of an
sirfoil in an incompressible flow are assessed for the
first time. This is accomplished by developing a
structural dynamics model based on an energy halance
technique 8}, with predictions of the airfoil unsteady
aerodynamics obtained from a complete first order
model, i.e. the thin airfoil approximation is not
applied. The fluctuating flow velocity is assumed to be
small compared to the mean velocity, with the
unsteady flow linearized about the full poteuntial Nlow
of the airfuils. Thus, the unsteady aerodynamic effects
due to airfoil profile and incidence angle are
completely accounted for through the mean potential
flow.

AERODYNAMIC MODEL

Figure 1 presents a schematic representation of a
thick, cambered, airfoil at finite mean fow incidence
o, with respect to the far field uniforin mean flow,
U, =U_}, executing torsion inode oacillations with a
superimposed  convecled two-dimensional hanmonic
gust. The gust amplitude and harmonic frequency are
denoted by A and Z, respectively.  The two-
dimensional  gust  propagates  in the direction
X =k,i t kg, where k i3 the reduced frequency and
k, is the transverse gust wave nuuber, ie., the
transverse component of the gust propagation
direction vector.

Steady Flow Ficld

The model for the steady flow considers the
incompressible flow past a thick, cambered, airfoil at
finite mean incidence. As the steady flow is assumed
to be a potential flow, it is described by the following
Laplace equation: Vb (xy) =0

The steady boundary conditions require the far
field steady flow to bLe uniforin, while the airfoil
surface boundary conditions specify that the normal
velocity is tero. The Kutla condition is also applied
and is satisfied by requiring the velocities on the upper
and lower airfoil surfaces to be equal in magaitude at
the trailing edge.

Gust Unsteady Aerodynatmnics

The two-dimensional gust unsteady flow field is
determined by decomposing the gust generated
unsteady flow field into harmonic rotational, 2 5, and
potential, 2 ,, components. The rotational gust is
assumed to be convected with the steady mean flow
past the airfoil and, therefore, does not interact with
the airfoil. Thus the [following solution for the
rotational gust is determined by solving the lincarized
Euler equations in the far upstream where the steady
flow field is uniform.

Qn-u’=+v.i (l)

where: u' = — A ky exp [ik,{t -x)- ikyy];
vt = Ak, exp [ik,(t—x)-ikyy].

The potential gust component, 4/, is described by
a Laplace equation: S'/; =0. The gust generated
unsteady rotational and potential flow fields are
coupled  through the boundary conditions on the
potential gust component. In particular, the airfoil is
stationary, with the rotational gust convected with the
mean steady flow field. Thus the upwash on the
airfoil i3  determined by requiring the normal
component of the unateady flow field to be zero on the
airfoil.

U‘“G ar

L = A kg 4 k) expl ilkx 4 kgy)) (2)

an x

where { (x) specifies the airfoil profile

The Kutta condition i3 also imposed on the
unsteady potential flow field by requiring no unsteady
pressure difference across the airfuil chordline at the
trailing edge.  The correaponding relation for Lthe
trailing edge unsteady velocity potential difference is
then deternined from the unsteady Bernoulli equation.

Motion-Induced Unsteady Aerodynamics

The unsteady flow field associated with the
harmounic motion of the airfoil i3 assnmed to be
potential and, is therefore described by the laplace
equation: T/ - 0.

The upwash on the airfoil for this motion-
dependent model, W', is s function of both the
position of the airfoil and the steady flow ficld. Thus,
this boundary condition couples the unsteady flow field
to the steady aerodynamics. For an airfoil executing
harmonic torsion mode oscillations about an elastic
sxis localion at x, as measured from the leading edge,
the upwash ou the surfaces of the airfoil is:

0"'"‘

_ Jikyflx-xg) v ydt/Ox| 4 U, + V M /dx
-_ o
Jn

10+ (/043

(3)

'nilloil =

, (')U./i)y|(_x~__x_°_)£!'l(_in—7|«ﬂ ) (')Vo/f)zl_(_x. x,)  ydf/ox|
1+ (987072 1 v (arfax)?)?

where U, and V, are the steady airfoil surface velocity
components, and o is the amplitude of the torsional
oscillations.

LOCALLY ANALYTICAL SOLUTION

The boundary fitted computational grid developed
by Thompson, Thames, and Mastin {7} is utilized. This
method permits grid points to be specified along the
entire boundary of the computational plane. The
complete flow field is described by the steady velocity
potential, ¢ (x,y), the gust generated unsteady velocity
poteatial, ¥¢(x,y), and the motion induced unsteady
velocity potential, 4/, . These three velocity potentials
are each individually described by Laplace equations.
In the transformed (€,4) coordinale system, these
Laplace equations have the following nonhomogencous
form.

W W WV WYV O W W O AW W A
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where @ is a shorthand method of writing these three
velocity potentials in the transformed plane, F{&y)
contains the cross durivalive tenin 93§/0€0y, and the
cocfllicients o, d, and 7 are fuuctions of the
trunsformed coordinates ¢ and n and are treated as
constanls in each individual grid clonent.

Tu obtaiu  the anulytical solution to  the
transfurined Laplace cquation, it is first rewritten as a
homogencous cquation. The gencral solution is then
delermined by scparation of variables.

3 = (A, cosNE) + Apsin(AE)] (B, conh(pm) + Bsinhlun)]  (5)

where s = [} + o + M)/u]'/? wnd A A A, B, aud B,
ate coustauts to Le determined from the boundary
conditions.

Aualytical solutious in individual computational
grid clements are determined by applying proper
boundary conditions un each element to evaluate the
uvoknown constants in the general velocily potential
solution, Equation 5. The solution of the global
problem is then detertnined through the application of
the global boundary conditions and the assembly of
the locally analytical sulutions.

General Unsteady Aerodynamic Coeflicients

The complex, time-dependent unsteady lift and
momeut per unil span are written in  inllucnce
coefficient foriu fur the gust and lorsion mode motion-
induced unsteady aerodynamic cases.

W,

ﬁ:l (8)

Lg = Re [l.g] +i hn |Lg] = xb32 A

- w
Mg = Re [Mg] +i lin [M] = b2 B, | =2

LR

“as

Leo=Re |l ) +ilm(L,] = lyblule‘(J (7)
M, =Re M_] +ilm [M_] = spbtdi o)

where a =3¢, W, = W, ' describes  Lhe gust;

(A. BL) (Ag, B;) deuote the generalized unsteady lift
and wmoment coeflicients due to airfuil torsion and the
convected sinusoidal gust, respectively; o, is the airluil
natural frequency, and O is the gust furcing function
frequency.

The total unsteady lift aud woment on the airfoil
sre obtained Ly super-imposing the gust response and
the s«lf-iuduced aerodynamic forces and moinents.

e . A
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L{) = Lg(e) + L(t) = mpt? P A

Ug l t Aale™

W,
M{t) — M (1) + M_{t) — 1000 uh‘ r‘l‘—'l VIOt (8)
It shaould be nuted that the airfuil response occurs
ut the frequency of the furcing function, houce the
gust frequeney, O, has been utilized in the specilivation
of the unsteady acrodynainic furces and moents,
Equation 8.

ENERGY BALANCLE

The uncoupled equation of wotion for the single-
degree-of-freedom  luinped  airfoil moded  undergoing
torsion mode ogcillatious is given in Equation 0.

da . K .
lm‘,‘ t (1 4 ig) Sa ="M(t) (9)

where: S iy the stiffuess coeflicient, g is the structural
duniping, and 1 is the mass moment of incrtia about
the clastic axis.

The system respouse is determined by cousidering
the balauce between the encrgy input wnd the eneegy
dissipated over one cycle of oscillativn of the wiefuil
The iuput encrgy is oblained from a calculation of ke
wourk dune by the unsteady gust momenl acting on the
aiefoil.  The cncrgy  dissipated i3 obtained by
caleulating the work doue by the structural dumping
and by the motion-dependent acrodynumic respouse
wvicat, i e., the scrodynanic dawping.

The unstesdy wurk done per cycle of oscillation by
the unsteady gust acrodynamic moment is given by
the iutegral of the product of the real parl of the
unsteady moment and the resulting displaceient over
oue cycle of motiown.

WU(ku - - K 'l‘“ a IHI(X' y’) .- .T'r.. a -Ih(g')

(10)

[FER PIRNC It
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The energy dissipated per cycle of oscillation is
obtained by integrating the real pact of the product
of the motivn-induced unsteady aerodynamic response
woinent (the acrodynamic dawping) and the aiefoil
displaccuient over oue eycle of wscitlution, [t should
be uoted that although this lerin is written us a
dissipation  tenn, uuder certain conditions it can
represent an cliergy iuput terin.

Work = d‘s-lyb‘ylm lu“])ﬂ' (1)
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The balance of cnergy requires that the energy
input to the systemn must be equal to that dissipated
by the airfuil. This energy balance leads to the
following expression for the response amplitude of the
oscillation, a.

P T,sm(tll__ _ (12)
(S~lub":z|m n.l

where:

sin(¢) = — leS N"b‘;’h"ln"! et e

(17218 3pb*2Re|B )1 1 (S =pb T20n|8 )7/

RESULTS

The structural dynamics model developed herein is
utilized to assess the clfects of airfoil thickneas, steady
aerodynamic loading, ie., airfoil camber and mean
Bow incidence angle, and also the forcing function as
characterized by the direction of the two-dimensional
gust on acrodynamically induced forced vibratory
response. This is accomplished by considering a series
of representalive Joukowski airfoils with a 3.18 cm
chord, an aspect ratio of two, a midehord elastic axis,
and a 0.8 reduced frequency value. These resulls are
presented in Figures 2 through 7 in the format of the
torsion tnode response amplitude, v, versus the ratio of
the forcing funclion frequency to the airfoil natural
frequency, «/w,.

The thickncss of the aicfoil has minimal effect on
the acrodynamically forced response for a forcing
function characterized by a 90" gust at both zero snd
finite incidence angle values, Figure 2. Also, the
response amplitude is scen to decrease with increased
incidence angle and, thus, with increased stesdy
serodynamic lvading. However, this dcecrease in
amplitude is associated with the particular two
dimensional gust direction. This may be seen by
considering Figure 3 which shows the analogons results

demonstrating the effect of airfoil thickness and
incidence angle for a 45° gust. In particular, for the
45° gust, the amplitude of response increases with
increasing incidence angle, thereby reversing the trend
noted with the forcing function characterized by a 90°
ust. Thus, the amplitude of response is not a strong
unction of the airfoil thickness. [Ilowever, the
response amplitude is a strong function of both the
steady acrodynamic loading on Lhe airfoil and the
aerodynamic forcing function, as characterized by the
incidence angle and the gust direction, respectively.

Figures 4 and 5 demonstrate the eflect of airfoil
steady acrodynamic loading as characterized by the
camber of the airfoil and the incidence angle, on the
smplitude of response for forcing functions defined by
90° and 45° gusts, respectively. Again, the gust
direction and the steady loading have a strong
influcnce on the amplitude of response. Increasing the
airfoil camber at constant incidence angle results in an
increase in the airfoil response, with this effect more
prooounced for the 90° gust. Also, increasing the
incidence angle for a particular airfuil camber leads to
grestly increased ainplitudes of response, with the 45°
!unt having 8 larger influence. Also shown in these
gures are the corresponding results based on the
classical thin airfuil unsteady aerodynamic models of
Theodorscn, Scars, Horlock, and Nauwmmann and Yeh.

As scen, these classical  predictions  significantly
underpredict the amplitude of response of the airfoil,
i.e., the classical predictions are nonconservative,
thereby clearly demonstrating the need for the
complete first order unsteady aerodynamnic model
developed herein.

Figunres 8 and 7 clearly demonstrate the
importance of the acrodynamic forcing funclinn as
characterized by the directicn of the two-dimensional
gust on the amplitude of response of a 10%9% thick
sirfoil with 209 camber at 0° and 20° of incidence
respectively. At each of the incidence angle values, it
is readily apparent that the gust direction has a
significant effect on the airfoil response. However
altering the gust direction has oppuosite cffects. In
particular, decreasing the gust dircction from 90°
results in deereased response at an incidence angle of
0°, but increased reaponse at 20° of incidence.

SUMMARY AND CONCLUSIONS

A structural dynatnics model has been developed to
predict the acrodynamically induced forced responase of
an airfoil in an incompressible flow. This model is
based on an energy balance bLetween the unsteady
aerodynamic work and the energy dissipated through
the airfoil structural and aerodynamic dainping, with
predictions of the airfoil unsteady aecrodynamics
obtsined from a complete first order model which
sccurately analyzes the cffects of airfoil profile, mean
flow incidence angle, and also considers a two-
dimensinnal gust.

This mode! was utilized to demonstrate the cflects
of airfoil thickness, camber, mean flow incidence angle,
and the two-dimensional gust direction on the
aerodynamically induced forced response of a typical
airfoil.  This  study showed that the steady
aerodynamic loading on the airfoil, and the
acrodynamic forcing function, as characlerized by the
airfoil camber, the mean flow incidence angle, and the
direction of the gust, respectively, have a signilicant
effect on the awmnplitude of response. It is also shown
that the classical thin airfoil unsteady aerodynamic
models result in significantly underpredicted airfoil
response amplitudes, i.e.,, the thin airfoil predictions
are nonconservative.
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